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INTRODUCTION 
In 1991, 125 million Americans had lost some or all of their teeth, and at least one quarter 
of those could benefit from implants (American Academy of Implant Dentistry, 1991). By 
age 64, the average person is missing ten teeth. Since our senior population is growing three 
times the rate of the general population, dental implants are becoming a routine alternative 
for treatment. Dental implants can improve the quality of life and self-esteem of patients 
who have been afflicted by natural tooth loss. Furthermore, the use of dental implants in 
edentulous regions can reduce the rate of alveolar bone loss by 10 times (Fenton, 1992). It 
was estimated that 300,000 implants were placed annually by 1991 (Amer. Acad., 1991). 
In the Master of Science research work (Niederauer, 1990), a transcutaneous tooth root 
implant was designed, implanted and clinically evaluated in the canine mandible. The 
objective of that work was to test two hypotheses: (1) that the soft tissue attachment can be 
influenced by varying the implant surface properties, and (2) that there is an optimum 
shoulder height for this implant design, which was initially covered and then exposed. Forty 
tooth root implants were manufactured with equal molar quantities of magnesium aluminate 
spinel and a-tricalcium phosphate. This ceramic composite is called "osteoceramic." The 
osteoceramic implant was produced with four different shoulder heights and three different 
surface structures: smooth, irregular and rough. The different surfaces were characterized 
using a scanning electron microscope and the pore structures were determined using image 
analysis. Implants with varying shoulder heights (1,2, 3, and 4 mm) and/or varying surface 
structures (smooth, irregular, and rough) were randomly implanted in the edentulous 
premolar region of dogs. The implants remained covered during the initial healing period 
after which the gingiva was cut back to expose the implants. Implantation times were 20 and 
33 days for short-term response (gingiva unexposed) and 1, 3, 6 and 12 months post gingival 
2 
cut-back for long-term response. Radiographic and clinical examinations were performed to 
evaluate tissue response by measuring various indices. 
Results showed that the design of this implant was appropriate for the implantation 
method used. With regard to shoulder height, the 2 mm shoulder was the most successful for 
this experimental procedure of keeping the implant covered during initial healing and then 
cutting the gingiva back to expose the shoulder of the implant. No statistically significant 
differences between the implants with the various shoulder surfaces were found in the clinical 
and radiographic results. Altogether, the osteoceramic was found to be clinically successful 
as an endosteal implant with regard to its mobility and radiographical indices. All of the 
implants were retained during the evaluation periods, even though four implants at the 12 
months post cut-back time had broken off at midsection. 
As a continuation of the implant study, this work will examine the microscopic response 
to the ceramic implants. The retrieved samples from that study were prepared as thin sections 
in order to evaluate them using light microscopy, microradiography and fluorescence 
microscopy. Histological evaluation of the slides was used to describe the tissue structure 
adjacent to the osteoceramic surfaces. 
Since in vivo factors, such as oral hygiene, implantation procedure, host condition, etc., 
can influence the results of implant studies, cell attachment assays can be used as an 
alternative method to test the short-term cellular response to biomaterials. To obtain easily 
reproducible, short-term responses, in vitro cell attachment experiments were used to further 
test the hypothesis that soft tissue attachment is influenced by the effect of surface structure 
of the ceramic materials. The cells that could aid in gingival attachment are epithelial and 
fibroblast cells; therefore, these cells were chosen for the assays. Both cell types were 
investigated because, for a natural tooth, adequate connective tissue attachment is a 
prerequisite for stable epithelial attachment (Nyman, 1982). 
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The ceramic material and its surface morphology are very important to its biological 
response. Previous work has characterized the physical structure of the various ceramic 
surfaces (Niederauer, 1990). To further characterize the surface of the material and its 
chemistry several methods were used. First, elemental dispersive analysis (EDA) was 
applied to determine the chemical composition of the various surface structures. Second, the 
wettability of the surfaces was measured by use of the sessile drop method. Third, the 
surface pH of the various surfaces was determined using indicator dyes. Finally, the 
dissolution behavior of the osteoceramic was studied by measuring the pH and determining 
changes in ion concentration of surrounding media up to 21 d. 
In summary, the specific areas which this work investigated are: (1) characterization of 
the osteoceramic surfaces by scanning electron microscopy, elemental dispersive 
spectroscopy, surface tension and equilibrium pH, (2) dissolution characteristics of the 
osteoceramic as a function of time and surrounding médias, (3) measurements of the in vivo 
effect of time on both hard tissue and soft tissue structure using microradiography, light 
microscopy and fluorescence analysis of bone mineralization, (4) histological analysis as a 
ftirther test of the hypothesis that the ceramic surfaces affect soft tissue adhesion, (5) in vitro 
studies of fibroblast and epithelial cell attachment, and finally (6) correlation of in vitro 
results with clinical and histological results to test the hypothesis that in vitro results support 
in vivo results. 
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LITERATURE REVIEW 
The literature review is composed of four major sections: dental anatomy, current status 
of dental implants, calcium phosphates as biomaterials and cell culture for in vitro testing of 
biological response. The first section, dental anatomy, gives a brief summary of the structure 
and function of natural teeth and their associated tissues. The second section, current status 
of dental implants, gives the present use of dental implants in clinical applications, explains 
some implant design considerations and discusses the events v^'hich occur in the development 
of the implant/tissue interface. The third section, calcium phosphates as biomaterials, focuses 
on hydroxyapatite, tricalcium phosphates, and a calcium phosphate/magnesium aluminate 
spinel composite for use as a dental implant material. The last section, cell culture for in 
vitro testing of biological response, reviews the biology of epithelial cells, fibroblasts, and 
osteoblasts and their responses to implant materials. 
Dental Anatomy 
A general discussion of the human dental anatomy will be reported; however, since the 
implant models for this study were dogs, any notable differences from human anatomy 
relevant to implantology will be referenced at the end of this section. The jaw has two bones: 
the maxilla, the upper jaw, and the mandible, the lower jaw. These two bones act as the 
foundation for the soft tissues of the oral cavity and the face (Ranly, 1976). The main 
components of the jaws include connective tissues, the oral epithelium and the teeth. 
Teeth 
The natural tooth is anchored in the alveolar sockets, or alveolus, in the jaw. The alveolar 
bone is covered by gingiva, whereas the alveolar sockets are lined with the periodontal 
membrane or ligament. The tooth has three portions: the crown, the neck and the root. The 
crown extends above the gingiva and is covered by enamel. The neck is the slightly 
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constricted area of the tooth, between the crown and the root, to which the gingiva is attached 
(Spence and Mason, 1987). The root is submerged below the gingiva and anchors the tooth 
in place. Below the enamel of the crown lies a mineralized matrix called dentin, which 
encloses a central pulp cavity. The pulp cavity is in the center of the crown, and blood 
vessels and nerves run through the root canal to supply nutrition and innervation to the tooth. 
The tooth does not have a constant composition since age, diet, position in the mouth, 
health condition and medical history all affect it (Lazzari, 1976). Lefevre and Hodge (1937) 
found teeth to have the inorganic components listed in Table 1. From these data, the 
calcium/phosphorus ratio of the tooth calculates to be 2.1 ± 0.03. 
Table 1. Inorganic chemical composition of human teeth (Lefevre and Hodge, 1937) 
Mineral Content Weight (%) 
water 8.98 ±2.23 
calcium 35.20 ± 0.76 
phosphorus 16.80 + 0.36 
magnesium 0.32 ± 0.25 
carbonate 3.45 + 0.26 
The tooth is subjected to the hostile environment of the oral cavity, which is 
continually changing its chemical composition, pH, bacterial flora and temperature. In 
addition, teeth are exposed to the masticatory forces. Colaizzi et al. (1984) found that during 
normal human dentition, the tooth is subjected to an axial force in the range of 200-2440 
newtons. In addition, Graf (1969) found the lateral component of the biting force in adults to 
be approximately 20 newtons. 
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Oral epithelium 
The factors which affect the structure and metabolism of oral epithelium are age, 
hormones and nutrition. Like other epithelia, oral epithelium is supported by connective 
tissue from which the cells obtain their metabolic requirements and through which the 
products of metabolism are dispersed (Smith, 1969). The epithelium of the gingival region 
acts as a barrier between the oral environment and the deeper tissues (Squier and Hill, 1989). 
The stratified squamous oral epithelium is multilayered, capable of continuous renewal, and 
covered in part by a surface layer of keratin. Figure 1 shows a vertical section through a 
tooth and the four components of the oral epithelium: the alveolar mucosa, the masticatory 
epithelium, the crevicular epithelium and the attached epithelial cuff 
Alveolar mucosa The mucogingival line divides the masticatory gingival epithelium 
and the alveolar mucosa. The microscopic differences between these two are that the 
masticatory gingiva layer is thick (250 |im), is ortho- or para-keratinized and has no elastic 
fibers present. On the other hand, the alveolar mucosa is thin (150 pm), not keratinized, but 
has elastic fibers present in its connective tissue (Smith, 1969; Squier and Hill, 1989). The 
function of each tissue causes this difference in structure. The keratinized surfaces of the 
masticatory gingiva provide protection against abrasive forces, whereas the elastic fibers of 
the alveolar mucosa give it elastic flexibility. 
Masticatory epithelium The masticatory gingival epithelium includes the attached, 
marginal and crestal gingival epithelium (Smith, 1969). It covers immobile structures, i.e., 
the alveolar process. The attached gingiva is the gingival mucosa from the mucogingival line 
to the gingival margin. Its name comes from it being firmly bound to the underlying alveolar 
bone and partially to the cementum. The marginal gingiva lies adjacent to the coronal region. 
Dentin 
Pulp Chamber 
Marginal Gingiva 
Connective Tissue 
Attached Gingiva 
Periodontal 
Membrane 
Cementum 
Alveolar Mucosa 
Alveolar Bone 
Û 
Enamel 
Gingival Crevice 
Crevicular Epithelium 
Attached 
Epithelial Cuff 
Masticatory 
Epithelium 
Keratin 
Mucogingival 
Line 
Basement Membrane 
Figure 1. Vertical section through a human tooth and its supporting structures (alter Smith. 1969) 
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and the crestal gingiva is the area at the apex of the gingival epithelium. Neither of these is 
attached to the alveolar bone or cementum. 
The masticatory gingival epithelium is stratified squamous and is supported by a dense 
fibrous corium. The two layers are separated from each other by a thin basement membrane. 
This membrane has deep and irregular, wave-like elevated papillae on the surface of the 
connective tissue to protect it from shearing stresses (Smith, 1969). Invaginations between 
the papillae are occupied by downgrowths of epithelium called rete ridges (Smith, 1969). 
The epithelium has an average depth of 12-13 cells (Gargiulo et al., 1961). Keratin flakes are 
discarded from the surface during normal wear and tear and are then replaced by 
differentiation from deeper layers (Smith, 1969). 
Crevicular epithelium The crevicular gingival epithelium spans from the gingival 
margin to the most coronal point of the attached epithelial cuff. It consists of a thin layer of 
stratified squamous epithelial cells which is 5-15 cells in depth (Smith, 1969). This 
epithelium forms a soft tissue lining of the shallow gingival crevice encircling each tooth and 
becomes thinner as the cuff is approached. It is supported by dense fibrous connective tissue 
and is not related to the alveolar bone. Compared to the masticatory epithelium, the 
crevicular gingival epithelium is thinner, is not keratinized and has no rete ridges (Smith, 
1969). The basement membrane of the crevicular gingival epithelium appears smooth and 
regular. Desquamation, shedding of the cuticle in scales, occurs and implies that dividing 
cells are present somewhere in the epithelium (Smith, 1969). 
Attached epithelial cuff The attached epithelial cuff is the attachment mechanism 
between the gingival epithelium and the tooth surface. Its purpose is to prevent bacteria from 
reaching the underlying connective tissue or the tooth cementum. It is the apical extension of 
the crevicular gingival epithelium which is not separated from the tooth surface (Smith, 
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1969). The superficial cells form an area of attachment to the tooth surface and may be 
attached to the enamel, dentine or cementum (Listgarten, 1966). Between the superficial 
cells and the tooth surface, a thin granular layer with an average thickness of 800 Â is always 
present (Smith, 1969). This attachment mode of the epithelium to calcified tissue is unique 
and of biological importance. Because it is in the form of a cementing substance, it is not a 
physical continuity of structure (Smith, 1969). The nature of attachment is that of glue rather 
than fibrous insertion (Smith, 1969). The attachment is dynamic because its strong adherence 
is maintained while the cells move. The epithelial cells are fixed to the basement membrane 
by hemidesmosomes. The cells of the attached epithelial cuff are capable of DNA synthesis 
and mitosis and are constantly dividing and exfoliating into the gingival crevice. Loe ( 1967) 
stated that fluid only passes into the gingival crevice from surrounding soft tissue in 
pathological conditions, and the absence of tissue fluid from the crevice is the best clinical 
indication of gingival health. 
Connective tissues of the periodontium 
The periodontium attaches the teeth to the jaw bone and with use of the periodontal 
ligament allows teeth to adjust their position when in function (Melcher and Eastone, 1969). 
The hard connective tissues of the periodontium are bone, the alveolar process and 
cementum; the soft connective tissues are the periodontal ligament and the lamina propria of 
the gingiva. Epithelium covers both of the soft connective tissues. The periodontium is 
attached to dentin by cementum and to the jaw bone by the alveolar process (Melcher and 
Eastone, 1969). The general mineralization process of bone will be discussed first, including 
the cells involved. Then the alveolar process and cementum will be covered followed by the 
periodontal ligament and lamina propria. 
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Bone This specialized mineralized connective tissue contains 33 % organic matrix and 
67 % inorganic matrix (Whitson, 1989). The inorganic matrix is primarily poorly 
crystallized calcium-deficient hydroxyapatite [Ca% o(P04)6(OH)2], whereas the 33 % organic 
matrix is 28 % type I collagen, with the remainder being noncollagenous proteins such as 
osteocalcin, sialoprotein, phosphoprotein, osteonectin and bone specific protein. 
Calcification, the mineralization process of bones and teeth, is directed by specific cells 
which are surrounded by the organic matrix. Bone mineral consists of two distinct calcium 
phosphates: an amorphous and a crystalline apatite phase. The amorphous phase is 
deposited first as the precursor so mature bone has approximately 70% apatite and 30% 
amorphous phase (Vogel, 1976). 
The skeletal functions of bone are support, protection, and locomotion, but bone also 
provides an important mineral reservoir. Mechanical forces, such as tooth movement, and 
piezoelectric conditions control local bone environment. Mechanically, bone resists 
compressive forces best and tensile forces least (Whitson, 1989). The hormones involved in 
systemic regulation of bone formation include parathyroid hormone, calcitonin and 1,25-
dihydroxyvitamin D3 (Marks and Popoff, 1988). Local regulation, however, is controlled by 
cytokines, growth factors and prostaglandins (Marks and Popoff, 1988). 
To calcify bone, high local concentrations of calcium and phosphate, a nucieation site and 
inactivation of inhibitors are needed (Bouvier, 1989). To raise local calcium and phosphate 
concentrations, most researchers believe that the enzyme alkaline phosphatase is used. The 
initiation of calcification can occur in two ways, homogeneous and heterogeneous nucieation. 
the second of which is more widely believed to be responsible (Vogel, 1976) In the 
heterogeneous nucieation process, the catalyst allows apatite to form on the collagen fibers 
from large metastable calcium and phosphate concentrations. In the homogeneous nucieation 
process, bone cells synthesize and secrete membrane-bound matrix vesicles into extracellular 
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fluid to form the initial bone (Spence and Mason, 1987). After calcification is initiated, 
tissue is mineralized in the organic matrix. Water is lost and mineral is accumulated to 
change the amorphous calcium phosphate into apatite and to start growing crystals (Vogel, 
1976). 
The structural unit of mature compact bone is the osteon or Haversian system. The 
osteon has a central Haversian canal that is surrounded by layers of bone. Lacunae, small 
cavities, are located between adjacent lamellae. At least one blood capillary is located in the 
Haversian canal, which supplies nutrition and removes waste. The bone cells found on the 
surfaces and interior of bone are shown in Figure 2. 
Blood vessel 
Osteoclast 
VI) P'ecu'sors 
Osteoblast 
Osteoprogenitor 
Osteoclast 
Osteoid -£ 
Osteocyte 
Figure 2. Topographic relationship among bone cells (Marks and Popoff, 1988) 
The bone cell responsible for the manufacture of bone is the osteoblast. The osteoblast is 
a transitional cell which arises from fibroblast-Iike mesenchymal precursors (Bouvier, 1989). 
Its life time is limited, and it is not capable of mitosis when fully developed. The osteoblast 
is a surface cell found lining the bone with an osteoblastic layer which is one cell layer thick. 
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The osteoblast can be in a variety of shapes, such as ovoid, columnar, and pyriform, 
depending on its developmental stage. Some osteoblasts get embedded as they lay down 
osteoid and then become osteocytes. When active, the osteoblast is highly polarized and has 
its nucleus distant from the bone matrix; to the contrary, when it is inactive, it is a thin, 
squamous-like cell with a flattened nucleus at the center of the cell. Anatomically, the 
osteoblast is described as being mononucleated, with an elaborate endoplasmic reticulum, 
well-developed Golgi-apparatus and numerous mitochondria (Banks, 1986). The osteoblast 
synthesizes and secretes type I collagen and initiates the calcification process (Marks and 
Popoff, 1988). Osteoblasts are stimulated by two driving forces for remodeling, mechanical 
and metabolic (Ranly, 1976). The mechanical stimulations are forces on the bone which lead 
to the generation of an electrical event, which in turn triggers a chemical change. On the 
other hand, metabolic stimulation is triggered by a need for blood calcium and involves 
hormones. 
The osteocytes are osteoblasts which have been embedded by their products of secretion 
so that the interstitial substance becomes mineralized (Banks, 1986). Generally, osteocytes 
appear as flattened cells and contain few organelles and a single nucleus with condensed 
heterochromatin (Bouvier, 1989) They exist in the bone tissue in lacunae of the osteon and 
exhibit numerous cytoplasmic projections. The tiny protoplasmic processes of osteocytes 
touch surface osteoblasts and the processes of other osteocytes located in adjacent lacunae 
(Ranly, 1976). All of the lacunae within each Haversian system are interconnected by 
canniculi, tiny canals. Osteocytes can make and resorb bone in order to homeostatically 
maintain blood calcium levels (Banks, 1986) and are therefore responsible for minute-to-
minute control of plasma calcium (Ranly, 1976) The life span of some osteocytes can be 
many years, after which they degenerate. The osteocytes are stimulated by parathormone and 
Vitamin D. 
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The osteoclast is the bone cell responsible for resorption of mineralized bone and 
cartilage. This cell is a multinucleated giant cell, moderate to large in size, with a 
characteristic ruffled, membranous border along the bone surface (Bouvier, 1989). It has 
been measured to be 85 ^m by 105 |am in size and may contain 50 nuclei making it one of the 
largest cells in the body (Ranly, 1976). Anatomically, the osteoclasts have several well-
developed Golgi apparatuses and abundant mitochondria. Furthermore, vacuoles in the 
cytoplasm of osteoclasts may contain phagocytized bone particles (Bouvier, 1989). The 
osteoclasts reside on the surfaces of bone in concavities called Howship's lacunae (Banks, 
1986). Osteoclasia, the process of bone removal, occurs at the junction of the fingerlike 
projections of the brush border and the bone (Ranly, 1976). Osteoclasts are not capable of 
mitosis and arise from monocytes or phagocytes (Bouvier, 1989). They have a brief life span 
of approximately one week (Ranly, 1976). The bone resorption process is accomplished by 
releasing organic acid to demineralize the bone (Banks, 1986). Collagenase, proteases and 
hyaluronidase remove the matrix, while lysosomal enzymes remove the cells (Ranly, 1976). 
Osteoclasts are stimulated indirectly by chemical agents such as parathyroid hormone. 
Vitamin D3 and prostaglandin E and by mechanical forces (Ranly, 1976). 
Alveolar process The alveolar process is an integral part of the maxilla and the 
mandible and forms and supports the sockets of the teeth (Bhaskar, 1986). However, the 
junction between the alveolar process and the jaw bone cannot be defined. The alveolar 
process is divided into three parts: the alveolar bone proper, a thin lamella of bone that 
surrounds the tooth root and to which the fibers of the periodontal ligament are attached, the 
outer cortical plates, and a central spongiosa comprised of cancellous bone (Freeman, 1989). 
The alveolar bone proper is an immature bone in which the collagen fibers are not arranged in 
typical lamellar patterns present in adult bone. The cortical plate is compact bone which 
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forms the outer and inner plates of the alveolar process, whereas the cancellous bone is 
spongy and fills the area between the cortical plates and the alveolar bone proper (Bhaskar, 
1986). Vessels and nerves perforate the alveolar bone proper to supply the soft connective 
tissue. 
Cementum Cementum is the mineralized dental tissue that covers the tooth root and is 
firmly attached to the dentin of the tooth to maintain a close contact between the tooth root 
and the sockets (Melcher and Eastone, 1969). Cementum extends from the cervical limits of 
the enamel to the apex of the root. Peripherally, cementum is contiguous with the soft 
connective tissue of the periodontal ligament and the gingival lamina propria, therefore 
providing attachment for some of their collagen fibers. The cementum is the least hard of the 
hard connective tissues, yet it has some of the same properties as bone (Melcher and Eastone, 
1969). Even though cementum is similar to bone, it has no haversian systems and blood 
vessels. The organic matrix of cementum consists mostly of collagen and ground substance, 
half of which is mineralized with hydroxyapatite (Freeman, 1989). The cells of cementum, 
cementocytes, have an appearance like osteocytes and synthesize collagen and proteoglycans 
to make up the organic matrix of cementum (Bhaskar, 1986). Cementum keeps remodeling 
throughout life and therefore varies in thickness, but it is generally more resistant to 
resorption than bone (Melcher and Eastone, 1969). The thickness of cementum is 10-50 pm 
in the neck portion and 150-200 |im in the apical region (Bhaskar, 1986). 
Periodontal ligament The periodontal ligament, also called the periodontal membrane, 
is located between the cementum and the periodontal surface of the alveolar bones to fix the 
teeth in the bone sockets. It is a fibrous connective tissue basically composed of collagen 
fibers which are embedded in the cementum of the tooth and the alveolar bone (Ranly, 1976). 
At the tooth neck it merges into the lamina propria of the gingiva. The functions of the 
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periodontal ligament are support, nutrition, formation and removal of tissue, and serving as 
the periosteum to alveolar bone (Melcher and Eastone, 1969). The cells of the periodontal 
ligament include osteoblasts, osteoclasts, fibroblasts, epithelial cell rests of Malassez, 
macrophages, undifferentiated mesenchymal cells and cementoblasts (Freeman, 1989). The 
space between the fibers is filled with ground substance composed of mainly glycoproteins, 
glycolipids, and glycosaminoglycans (Freeman, 1989). The periodontal ligament space is 
widest at the tooth neck and cervically, yet apically this space is wider than at mid-root 
(Kronfeld, 1931; Coolidge, 1937). The width of the periodontal ligament depends on the 
load carried by the tooth in function. A narrow periodontal ligament is found when dental 
function is decreased, but the average width of the periodontal ligament is about 0.2 mm 
(Melcher and Eastone, 1969). The tooth function also affects the quantity and caliber of fiber 
bundles in the periodontal ligament, and as tooth function increases there is an increase in 
fiber development (Melcher and Eastone, 1969). 
Lamina propria The lamina propria is the tissue underlying the epithelium and lies 
between the covering epithelium of the mucosa and the submucosa. The lamina propria is 
divided into two layers: the superficial papillary layer and the deeper reticular, or netlike, 
layer (Squier and Hill, 1989). The superficial papillary layer is associated with the epithelial 
ridges, while the reticular layer lies between the papillary layer and the underlying structures. 
The main difference between these two layers is the relative concentration and arrangement 
of collagen fibers. Cells, such as fibroblasts, macrophages, mast cells and inflammatory 
cells, blood vessels, neural components and fibers, and ground substance compose the lamina 
propria (Squier and Hill, 1989). 
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Notable differences between canine and human dental anatomy relevant to implantology 
The anatomical structure of the canine skull has obvious physical differences from that of 
a human as can be seen in Figure 3. Despite these differences, of all the animals being used 
for dental implant studies, dogs show favorable characteristics for comparative implant 
studies (Cranin et al., 1988). Furthermore, the size and simple morphology of the root system 
of the canine teeth make dogs an appropriate model for implant studies (Lemons, 1977). 
Figure 3. a) Lateral view of a human skull and mandible; b) lateral view of a canine skull 
and mandible (Lemons, 1977) 
The general dental tissue structure and the terminology used for canines and humans are 
similar (Wiggs, 1989). Anatomically, the crowns of dogs are shorter and are not 
covered by cement. For dogs, the location of the epithelial attachment varies with the age of 
the animal and in pathologic conditions. As the dog gets older the gums recede and may be 
located as low as the cementum (Wiggs, 1989). The canine bite pattern of the upper and 
a) b) 
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lower teeth, especially in the premolar area, shows that they do not correspond to each other, 
but rather interdigitate. Since the dog is a carnivore, its biting and grasping eating motions 
are different from the human's. This biomechanical aspect of chewing must be considered in 
comparative analysis of functional response. With regard to bone physiology, the cortical 
bone remodeling cycle/rate for dogs has been found to be two-thirds that of humans (Roberts 
et al., 1987). 
Dental Implants 
A dental implant is an artificial device that is attached to the jaw bone in order to restore 
the original function of a tooth. It usually perforates the gingival tissue to anchor prosthetic 
tooth replacements. Dental implants are divided into 3 categories according to their 
relationship to bone: (1) endosseous, (2) subperiosteal, and (3) transosteal. Endosseous 
implants are placed in the bone and require the engagement of the endocortex. Subperiosteal 
implants rest on the bone and are usually chosen when inadequate bone exists for insertion of 
endosseous implants. Transosteal implants pass through the bone and may involve 
endosseous and subperiosteal components for stability. More than 24 shapes have been 
reported: cylinders, cones, blade-shaped endosseous, and blade-shaped transosteal (English, 
1988). Of these, the cylindrical endosseous is most frequently used. Dental implants can be 
further categorized according to their implantation design: one stage and two stage. A one-
stage implant system perforates the gingiva, is immediately loaded after implantation, and so 
may be more prone to excessive loading during healing, infection of the wound and epithelial 
downgrowth (Hobkirk, 1990). A two-stage system places the endosseous component level or 
slightly below the crest of the bone, tissues are sutured over the implant to allow adequate 
stress-free healing before the tooth replacement prosthesis is added. Even though the one-
stage device may be mechanically less complex, the two-stage device tends to be more 
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successful due to reduced micromotion from lack of loading during initial healing (Brunski, 
1992). 
Materials 
Any materials used successfully as long-term functional endosseous implants must meet 
these material requirements (Grenoble and Voss, 1976): 
1. The material should not chemically irritate the tissue or cause resorption of the 
supporting bone and should be well tolerated by oral tissues; 
2. The material must maintain its mechanical properties in the oral environment for long-
term applications by having sufficient corrosion resistance to physiological and oral 
fluids; 
3. The material should develop an effective bacterial seal between the implant and the 
mucosal tissues to prevent infection. 
Consequently, biocompatibility, which is the degree of tissue response toward the material, is 
a basic biological property critical to the success of the material. 
The materials which are being used as dental implants in clinical practice and research 
include metals, ceramics and polymers (Table 2). The implant materials currently approved 
for clinical use are marked with an "a". Composites are combinations of two or more of these 
materials and will be discussed in the respective section depending on the surface material or 
the main component of the composite. A comprehensive list of various materials used in 
dental implant tests is given by Natiella (1986). 
As of June 1991, the American Dental Association Council of Dental Materials has 
accepted the Nobelpharma implant system (two-stage system of high purity titanium) for 
fully edentulous patients only (Amer. Acad., 1991). Furthermore, the Council has 
provisionally accepted the following: Core-Vent (Ti-6AI-4V, two-stage) Implant System, 
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Table 2. Categories of materials used for dental implants (after Hulbert et al., 1987) 
Category Subdivision Material 
Metals cobalt-chromium-molybdenum alloy^ 
stainless steel^ 
titanium^ 
Ti-6Al-4Va 
Ceramics Inert alumina^ 
LTI carbon 
ULTI carbon 
vitreous carbon 
Surface active glass 
glass-ceramic 
hydroxyapatite^ 
tricalcium phosphate 
Resorbable calcium sulfate 
calcium and phosphate salts 
Polymers polyethylene 
polymethylmethacrylate 
ultra-high molecular weight polyethylene 
^ denotes materials used in currently accepted dental implants systems 
IMZ (4.0 mm, high purity titanium, two-stage) Implant System, Integral Endosseous Implant 
System, ITI (high purity titanium, two-stage) Dental Implant System, Nobelpharma (high 
purity titanium, two-stage) Implant System (partially edentulous patients), and Oratronics 
Weiss Standard Blade Implant System. 
Metals For metal implants, stainless steel, cobalt-chromium-molybdenum (Co-Cr-Mo) 
alloys, titanium, and titanium-aluminum-vanadium (Ti-6A1-4V) alloys are currently accepted 
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as materials for dental implant systems in the United States (Amer. Acad., 1991). The 
advantage of metals for biomaterials is their mechanical properties such as ductility and 
tensile strength. Their disadvantage, on the other hand, is their corrosion behavior and 
metallic ion release during wear. 
Implanted stainless steels cannot resist all forms of corrosion attack evident in a 
biological environment, so stainless steels are mainly used as a core material (Williams, 
1981). Klawitter et al. (1975) found only a 41% success rate for cobalt-chromium-
molybdenum alloy implants in dogs even though they did observe tissue ingrowth into the 
implant material. However, there is concern about the general toxicity of the individual 
elements of this alloy. Further, Grenoble and Voss (1976) reported that cobalt-chromium 
alloys are not well tolerated by oral tissues and that a relatively thick membrane forms around 
the implant. 
Pure titanium metal implants have shown excellent biocompatibility as an endosseous 
dental implant and have integrated into the host tissue (Williams, 1981; Hannson et al., 
1983). Their biocompatability has been attributed to the oxide layer formation on the 
surface, and pure titanium implants are widely used in currently accepted implant systems. 
Branemark et al. (1969) have done extensive studies of titanium and reported no undesired 
reaction of the bone or adjacent soft tissue to titanium implants in a 5-year study in dogs. 
Later, the same research facility found the implants to be surrounded by hard and soft tissues, 
which stayed healthy for up to 15 years in humans (Adell et al., 1981). On the contrary, 
Grenoble and Voss (1976) stated that fibrous tissue encapsulation of titanium implants has 
been found. Recently, other researchers have reported fibrous tissue formation around 
titanium implants, even describing its structure similar to a periodontal ligament structure 
(Buseretal, 1990; Sanron et al., 1990). 
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By alloying titanium, the mechanical properties of the metal can be improved. Ti-6A1-4V 
is an example of such an alloy. The Core-Vent® implant, made from the Ti-6A1-4V, has a 
reported success rate of 98% (Niznick, 1985). Recently however, investigations found that 
the alloy could be a localized source of the aluminum and vanadium elements (Bruneel and 
Helsen, 1988). 
Because of the adverse reactions of metal ion or wear debris release, more emphasis is 
now being placed in coating these implants with a ceramic. Histologically, titanium implants 
have shown osteogenic ingrowth at the surface in functional and non-functional conditions 
(Masaki et al., 1990). Upon closer examination of the interface using scanning electron 
microscopy, gaps were found between the implants and bone. There was no interface gap for 
hydroxyapatite coated implants. 
Ceramics Alumina, both polycrystalline and single crystal, phosphates, carbons and 
bioglass have been tested as dental implant materials. These materials have been divided into 
three categories according to their biological activity and response from living tissue. Figure 
4 shows the relative reactivity times for these bioceramic materials. Of the ceramic materials, 
only alumina and hydroxyapatite coatings have been accepted for clinical usage. 
Inert ceramics Inert ceramics undergo little or no chemical change during long-term 
exposure to the physiological environment but do not actively encourage bone bonding. Inert 
ceramics generally show formation of a very thin fibrous membrane surrounding the implant 
material and include various carbons and alumina. Used in Europe since 1966, alumina, the 
abbreviation for aluminum oxide [AI2O3], is mostly used as a high purity (99.9%), dense, 
polycrystalline compound. When it is highly polished, alumina has an exceptionally low 
coefficient of friction and also low wear resistance in a physiological environment (Hulbert et 
al., 1987). Heimke et al. (1987) reported its large scale applications for load-bearing dental 
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Figure 4. Relative reactivity for bioceramic materials (de Groot, 1981) 
implants following good histological results from a three-year animal study. In 1985, 
Boretos stated that over 60,000 successful dental implants made of alumina had been 
performed over the past 10 years. The Tubingen one-stage implant system uses a dense 
alumina ceramic, and a 10-year follow-up study showed a long-term success rate of about 
93% (Schulte, 1990). Another crystal structure of alumina used for dental study, single 
crystal a-alumina, or sapphire, has been tested in animals and is being used in human 
dentistry. McKinney et al. (1985) reported a success rate of 94.5% in a five-year implant 
study and found evidence for the presence of a permucosal seal at the tissue/implant 
interface. The weakness of both single crystal and polycrystalline alumina is their potential 
for catastrophic failure (van Noort, 1993). 
Carbon, another inert material, has a crystal structure which can be varied to achieve a 
variety of properties. Low Temperature Isotropic (LTI) and vitreous carbon are both 
applicable as dental implant materials. LTI carbon has been found to be biocompatible, but 
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its use as a dental implant received mixed results (Hulbert et al., 1987). Vitreous carbon 
tooth root replacements combine a stainless steel core with a carbon coat. Some devices have 
been found to contain fractures through the carbon causing the manufacturer to eliminate the 
damaged implants (Lemons et al., 1988). 
Surface-active ceramics The surface active bioceramics, which bond to bone with no 
fibrous tissue at the interface, include glass, glass-ceramic, hydroxyapatite (HA) and 
tricalcium phosphate (TCP). Bioactivity means that bone formation at the tissue-implant 
interface is accelerated (van Noort, 1993). One of the most famous surface-active glasses is 
Bioglass® developed by Hench. This material was the first to show evidence of direct bone 
bonding to an implant material (Hulbert et al., 1987). It has been used as a tooth root 
implant, but its applications are limited to devices where strength is not a factor since it is 
inherently weak (Boretos, 1985). Cerevital, a similar version of bioglass, has been used in 
Europe. Bioglass has also been used as a coating in a study by Kudo and Miyasuwa (1990), 
which concluded that initial fit must be tight to obtain a bond between bone and bioglass. 
Furthermore, the strongest and fastest bone-bonding coatings reported to date are A-W 
(apatite-wollastonite) glass ceramics (Jarcho, 1992). 
Another material in the surface-active ceramics classification is hydroxyapatite (HA), 
[Caio(P04)60H2]. It has been shown to allow direct bone bonding to the material (Jarcho, 
1986). By producing dense HA, its strength can be improved. Denissen et al. (1979) tested 
dense HA tooth root implants and found no measurable degradation after 1 year. Overall, 
researchers have shown that HA exhibits loss of strength from resorption, and so it has been 
used to coat metal, therefore endowing the implant with surface activity while getting 
strength from the metal. The coating has been applied to the surface of titanium and cobalt 
based alloys to provide opportunities for tissue integration (Lemons et al., 1988). 
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Furthermore, the coating then acts as a barrier between the body and metal implants to reduce 
metallic ion release. Yukna (1991) reported that HA-coated titanium implants have an 
accelerated rate of bone bonding. Kent et al. (1990) have reported an overall success rate of 
95% in a 5-year, 772 human implant study of HA-coated titanium implants. Even though 
there have been problems with failure of prosthetic devices due to the HA coating shearing 
off the base metal or metal alloy, Kent et al. (1990) did not observe failure of the HA/metal 
interface. Jarcho (1992), however, stated that all currently available HA coatings will tend to 
lose their mechanical integrity after long implantation periods due to the high solubility of 
the calcium phosphate compounds of the coating. Other problems with applying the HA 
coatings have been a lack of consistent microstructure, varying phase contents and 
compositions. 
Another material being presently used for dental implants is tricalcium phosphate (TCP) 
with a Ca/P ratio of 3:2 (Hulbert et al., 1987). As with other calcium phosphates, the 
mechanical strength of TCP decreases after exposure to a physiological environment. 
Therefore, the use of TCP has been mainly as granules in the areas of bone grafts and 
alveolar ridge augmentation. HA and TCP have shown excellent biocompatibility and their 
chemistry will be discussed in detail in the following section. 
Resorbable ceramics Some of the calcium and phosphate salts and the calcium sulfates 
are in the resorbable bioceramic category. Their purpose is to provide a scaffold or space 
until the body can replace it (Hulbert, 1990). Calcium sulfates, or plaster of Paris, was one of 
the first resorbable materials to be used as a scaffold for bone, but due to its unpredictable 
rate of absorption it is not used much presently (Boretos, 1985). 
The calcium and phosphate salts make up the major portion of the resorbable ceramics. 
The ratio of calcium/phosphate varies from 1:2 to 2:1, named monocalcium phosphate and 
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tetracalcium phosphate, respectively. Due to the bone grafting needs of the dental and 
medical community, it is likely that resorbable bone implant materials will play a vital part in 
developing new approaches to bone repair (Jarcho, 1992). 
Polymers The most common polymers used for dental implants are polyethylene and 
polymethylmethacrylate. Richardson et al. (1975) tested ultra-high molecular weight 
polyethylene (UHMWPE) and found fibrous tissue adherence to this to be higher than to 
other implant materials being tested. Klawitter et al. (1975) implanted 
polymethylmethacrylate implants with porous roots and found bone and fibrous tissue growth 
into pores of specific sizes. No polymers are currently accepted as materials for dental 
implant systems. 
Design considerations 
When an implant is designed many factors need to be considered. Of these, the implant 
shape, the biomechanic aspects of the implant and adjacent tissue, and the surface structure 
will be discussed in more detail. 
Shape As already mentioned, a variety of dental implant shapes has been designed and 
tested: screws, pins, blades, cylinders, frameworks or combinations of two designs (English, 
1988). Because the duplication of the natural tooth support system using artificial devices is 
impossible, emphasis has been placed on designing a long-term functional implant (Natiella, 
1986). 
Research to determine the effect of implant shape on tissue response has been done in two 
ways: theoretically by using finite element stress analysis and clinically by observing tissue 
and cellular behavior. Atmaran et al. (1979a) tested three different geometries of ankylosed 
single-tooth implants: conical, natural tooth and cylindrical. The results showed that a 
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cylindrically-shaped implant produces the least amount of stresses in both the implant and the 
mandible. In an additional study, Atmaran et al. (1979b) examined the effect of implant root 
length and found that a longer implant root generally resulted in an insignificant reduction of 
maximum stresses both on the implant and the alveolar bone. Siegele and Soltesz (1989) also 
used finite element methods to compare the intraosseous stress field around commonly 
employed dental implant shapes. Their results also showed that implant shape significantly 
affects the interfacial stress fields and that for a cylindrical shape, stress concentrations occur 
near the apex for "frictionless contact" boundary condition, and at the alveolar crest in the 
case of the "fixed bone" boundary condition. However, after reviewing nine different 
research project results, Brunski (1992) concluded that overall no proven guideline for 
optimal shape of a dental implants in terms of stress transfer has been identified. 
A laboratory method of evaluating bone bonding to materials is the pull-out test, where 
an implant is placed in the bone, allowed to heal and then the force needed to pull out the 
implant is measured. Using this test. Block et al. (1990) found that there was a correlation 
between pullout force and the length of the implants, but not their diameters. Matlaga et al. 
(1976) found that the implant shape had a definite effect on the cell population, metabolism 
and turnover. Because the success of any biomaterial implant depends on the cellular 
behavior at the implant/tissue interface, shape characteristics must be taken into account since 
they can modify cellular response (Salthouse and Matlaga, 1983). In a study done by 
Salthouse and Matlaga (1983), three cross-sectional configurations, cylinder, triangle and 
pentagon, with the same surface area per unit length, were implanted and evaluated for 
lysosomal enzyme activity associated with the implant sites by using 
microspectrophotometry. Results demonstrated the lowest activity with circular rod samples 
and highest activity with triangular samples, which is probably due to damage caused by the 
latter shape. Lysosomal enzyme activity had previously been found to be a reasonable. 
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objective measure of implant tissue reactivity (Salthouse and Matlaga, 1975). The 
conclusion drawn from this experiment is that smooth contoured implants without sharp 
angles are more acceptable to the tissue. 
Biomechanics The mechanical properties of materialsare important aspects in implant 
design because the biomaterial and design can control the interfacial interactions (Lemons, 
1983). Brunski (1992) stated that the relationship between biology and mechanics should be 
central to dental implant design and lists these biomechanical issues: 
• mechanical loading on the implant in vivo (nature of biting force) 
• transmission of the loadings to interfacial tissues, and 
• biological reactions of the interfacial tissues to the transmitted loadings. 
Analyses have shown that bone exists within a stress envelope. If stress is too low, bone 
resorbs; however, if the stress is too high, destruction and resorption occurs (Hassler et al., 
1983). These researchers studied static loads in rabbit calvarium and extrapolated the data to 
alveolar bone. They found that 30-350 psi static load allows remodeling rates of the 
surrounding bone to exceed control levels. In addition, Rubin and Lanyon (1982) have 
shown that, for young adults, there is a physiological window of 50-2500 microstrain where 
bone remodeling is in balance. 
Lemons (1983) proposed that mechanical transfer of force, at the microscopic level ,along 
the biomaterial interface is quantitatively related to the modulus of elasticity of the 
biomaterial and the tissue. Figure 5 gives the stress-strain values for several biomaterials and 
biological tissues. This graph shows that ceramics and metals are a lot stiffer than bone and 
skin. Of importance to implant design is the area of force transfer involved in mechanical 
stress (Lemons, 1983). The higher the area of contact between the tissue and material, the 
lower the stress magnitude at the bone/material interface. This concept also applies to soft 
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Figure 5. Stress versus strain relationship for selected biomaterials and tissues (after 
Lemons, 1983) 
tissue adjacent to a percutaneous device. Forces applied to the device or the skin adjacent to 
the implant can result in tearing of the interface due to the gross difference between the 
modulus of elasticity of the two materials (Hall et al., 1984). Fibrous structure at the 
interface of dental implant/bone tends to smooth out or eliminate stress concentrations that 
would otherwise occur in direct bone-implant interface. (Buch et al., 1974). 
Surface structure Numerous researchers have investigated the effects of surface 
topography on tissue response; however, contradictory results have been reported. For 
dental implants, the tissues involved are bone, the gingival epithelium and its supportive 
connective tissues. This section will discuss only in vivo results, whereas the section Cell 
Cultures for In Vitro Testing of Biological Response will discuss in vitro results. 
Some researchers found that surface structure had no effect on bone response. Freeman 
(1972) concluded that the surface finish of titanium implants, ranging from a rough surface to 
a smooth surface texture, seemed to have little, if any, effect on the mandibular tissue 
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response. Van Blitterswijk et al. (1985) investigated dense and macroporous HA implanted 
in the middle ears of rats and saw no distinct difference between the two surfaces with 
respect to the bone tissue/implant interface. 
However, most researchers think that surface topography of the implant materials does 
affect the adjacent tissue and can be designed to facilitate the reaction of different types of 
tissues. In the past, critical pore size for bone development has been thought to be in the 
range of 75-150 jim (Natiella, 1986), but varying results have disputed that. In one study, 
material with pores 20 ^im in diameter and 75 |im deep was implanted and mineralized tissue 
formation in the pores was found (Ehmford et al., 1980). Similarly, Eggli et al. (1987) found 
that HA and TCP cylinders with pore size ranges of 50-100 pm showed higher ingrowth of 
bone than implants with pore sizes of 200-400 |am. 
The formation of a mucosal seal, the attachment mechanism of the gingival epithelium to 
the implant post which projects into the oral cavity, is critical for the long-term success of the 
implant device (Steflik et al., 1988). Failure to obtain this seal allows the leakage of toxins 
and antigenic material into the underlying tissue, which results in inflammation and tissue 
destruction (Collins and Squier, 1980). Recently, a lot of attention has been placed on the 
soft tissue attachment to materials with varying surface topographies. 
In the normal wound healing process of epithelium surrounding all percutaneous 
implants, the tissue retracts due to scar tissue formation (Hall et al., 1984). To keep the 
implant from failing, continued downgrowth of the epithelium must be prevented. To study 
this process, Squier et al. (1988) implanted varying pore sized millipore filters in the backs of 
pigs. Filters with pore sizes of 3-8 |im allowed collagen fibril formation within the 
interstices, consequently stabilizing downgrowth after the first week to form a relatively 
stable junction. Another study, examining soft tissue response by varying both pore size or 
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material, reported minimal tissue response for 1 and 3 |xm pore sizes, and no fibrous 
attachment for a surface roughness of larger than 10 pm (Campbell and von Recum, 1989). 
Cellular behavior adjacent to the implant surface is indicative of the type of tissue 
response. For example, the macrophage is a major phagocytic cell and the component in the 
cellular response to foreign bodies (Salthouse, 1984). Salthouse and Matlaga (1983) studied 
the macrophage activity at rough and smooth surfaces and concluded that the macrophage 
populations were several fold higher on the rougher surface even after 90 d of implantation. 
They recommend using smooth implants to obtain better biocompatibility characteristics. 
Implant/tissue interface development 
The interface between an implant and the adjacent tissue is defined as the region of 
interaction which involves both the implant and the surrounding tissues. This section of the 
review will discuss the development of that interface after implantation. 
To prepare for implantation into the bone, mechanical and possibly thermal damage to the 
vasculature, cells and matrix is done. When placing an implant in the rabbit femoral cortex, 
Roberts (1988) found that about one millimeter of compacta adjacent to the osseous wound 
undergoes necrosis postoperatively despite optimal surgical technique. Inflammation and 
low collateral circulation attribute to bone necrosis. The dead bone, however, provides 
structural support during the initial healing. 
After surgery, the events that occur in bone healing have been described in three stages 
and are shown in Figure 6. Stage one, surgical trauma, involves formation of a hematoma 
and a change in circulation (Gross et al., 1988). The circulatory change is due to the 
liberation of various chemical products, which act on vessels and surviving cells and which 
attract cells from surrounding tissues and the blood (Gross et al., 1988). Furthermore, the 
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Figure 6. Events that occur in bone healing following surgery to place a dental implant 
(Brunski, 1992). 
local pH and oxygen tension changes, and growth factors and biochemical substances are 
released. After wound healing, the nature of the tissue response depends on the mitogenic 
potential of the constituent cells (Robbins, 1979). Figure 7 shows the mitogenic activity 
associated with new bone formation due to surgical trauma and due to remodeling. As Figure 
7 shows, initial blastic response associated with wound healing is followed by a remodeling 
response. Remodeling is initially at a steady state rate, then reaches a maximum and flattens 
again. Remodeling increases at approximately four weeks postoperative as the tissue formed 
due to the wound healing response undergoes remodeling. 
At stage two, the process can take two directions: regeneration or repair. Spector ( 1988) 
has defined repair as replacement by nonmineralized tissue such as a collagenous scar, 
whereas regeneration is defined as tissue replacement of the wounded region by bone, 
leaving no residual trace of prior injury. One of the factors which influences the direction at 
this juncture is the biomechanical condition of the implant (Brunski, 1992). After analyzing 
the biomechanical stability of implants in their healing implantation site, or "micromotion," 
Brunski concluded that the presence of micromotion stimulates repair and leads to a fibrous 
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Figure 7. Postoperative mitogenic activity changes over time (Spector, 1988) 
interface. Micromotion can be caused by putting the implant in function immediately after 
implantation or by an unsuitable shape which did not promote a secure mechanical retention 
in the bone site (Brunski, 1992). 
The duration of this stage and the number of processes involved are related to the damage 
and the geometry of the implantation site (Gross et al., 1988). The first step in the 
development of the interface is the formation of a bridging woven callus (Roberts, 1988). 
This callus usually originates within a few millimeters from the implant site margin. The 
lattice woven bone reaches the implant's surface in about four weeks for dogs and six weeks 
for humans. The low strength woven bone has a lattice structure, which is then filled with 
lamellar bone to form a compact load bearing structure. This process takes about twelve 
weeks for dogs and eighteen weeks for humans (Roberts, 1988). 
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In stage three the wound matures through modeling and remodeling. Modeling is the 
process of changing the external shape of bones, whereas remodeling refers to the bone 
turnover at internal locations in the bone (Brunski, 1992). To remodel the nonvital interface, 
cutting/filling cones are activated. The cutting/filling cones are oriented perpendicular to the 
long axis of the bone (or parallel to the implant); (Roberts, 1988). Timewise, this process 
initiates at the same time as the lamellar compaction of stage two, and occurs about four to 
twelve weeks in dogs and six to eighteen weeks in humans. The purpose of this process of 
removing and replacing the devitalized margin is to obtain a vital interface along the entire 
intraosseous portion (Roberts, 1988). 
The last step of interface development is maturation of the compact bone, and it occurs at 
12 to 36 weeks in dogs and 18 to 54 weeks in humans (Roberts, 1988). During this process, 
the interface and adjacent bone remodels, and the callus is completely reshaped. Roberts 
(1988) found that human cortical bone remodels at 2 to 10% per year, whereas human 
mandibular bone adjacent to a rigid endosseous implant remodeled at 20% per year. 
Depending on which healing route an implant takes, two general types of responses to 
endosseous implants have been observed: (1) osseointegration, which is the direct adaption 
of bone to the implant without intervening connective tissue, and (2) fibrous tissue to implant 
interface which is characterized by a fibrous layer of tissue between the implant and the bone 
(Amer. Acad., 1991). 
Calcium Phosphates as Biomaterials 
Calcium phosphates are applicable as biomaterials because of their exceptional 
biocompatibility, which is presumably due to the calcium and phosphate ions they contain. 
The most common elements of hard tissue are also calcium and phosphorus, with the main 
inorganic constituent of osseous and teeth being calcium hydroxyapatite. Other calcium 
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salts, such as octacalcium phosphate, monetite [CaH(P04)], brushite [CaHPO^ 2H2O], 
amorphous calcium phosphate, calcium pyrophosphate and TCP, are also present in the 
developmental stages of hard tissues (de Groot, 1981). The calcium phosphates can be 
categorized according to their Ca/P ratios, and these principal calcium salts of 
orthophosphoric acid are listed in Table 3, along with their chemical formula and name and 
their solubility constants. 
Table 3. Principal calcium salts of orthophosphoric acid (after Heughebaert and Bonel, 1986; 
Driessen, 1988) 
Symbol Chemical Chemical Ca/P LogK 
Formula Name Ratio 
DCPD CaHP04-2H20 dicalcium phosphate dihydrate 1.00 -6.65 
DCPA CaHP04 dicalcium phosphate 1.00 -6.90 
anhydrous 
OCP Ca4H(P04)3-2.5 H2O octacalcium phosphate 1.33 -9.72 
ACP Caio(HP04)(P04)6 amorphous calcium phosphate 1.43 -81.70 
TCP Ca3(P04)2 tricalcium phosphate 1.50 -29.50 
HA Caio(P04)6 (0H)2 hydroxyapatite 1.67 -117.20 
TCPM Ca4(P04)20 tetracalcium phosphate 2.00 -
In general, calcium phosphates have been found to be one of the most biocompatible hard 
tissue implant materials for several reasons (Jarcho, 1992): 
• no local or systemic toxicity, 
• no inflammatory or foreign body responses, 
• integration with natural bone without encapsulation by Fibrous tissue, 
• no alteration of normal bone mineralization process, and 
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• direct bonding to living bone. 
Of the calcium phosphates, the two synthetic bone-mineral-like compounds which have been 
studied more extensively for biological applications are HA and TCP. First HA, then TCP, 
will be discussed with regard to their chemical, biological and mechanical properties. 
Finally, a composite of calcium phosphate and spinel will be reviewed. 
Hydroxyapatite 
As shown in Table 3, the chemical formula for hydroxyapatite (HA) is 
Cai0(PO4)6(OH)2 giving it a Ca/P ratio of 1.67. The crystal structure of HA, like other 
members of the apatite family, is a hexagonal rhombic prism with the lattice parameters a = b 
= 9.43 Â and c = 6.88 A (Kanazawa, 1989). HA in many cases has a deficit of calcium, 
making its chemical formula Ca % 0-xH2x(PO4)6(OH)2 (Naray-Szabo, 1969). The missing 
calcium atoms are then replaced by hydrogen bridges. 
In an anhydrous system, HA is not stable due to the chemical reaction (de Groot, 1980): 
A dynamic equilibrium between HA, other calcium phosphate salts and serum exists as 
follows and occurs after implantation of HA (de Groot, 1981): 
Caio(P04)6(OH)2 2 Ca3(P04)2 + Ca4P209 + H2O 
Ca + P in serum 
brushite ^ ^ octacalcium phosphate 
hydroxyapatite 
The biocompatibility of HA as hard and soft tissue implants has been well documented 
and has been shown to be superior to any other material (Kanazawa, 1989). Denissen et al. 
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(1980) were the first to propose that a chemical bond developed between bone and ceramic. 
Denissen's results also showed that a thin amorphous layer (0-1000 nm) between the implant 
and the surrounding tissue is formed, which may play an important role in the strong bonding 
that is observed between implant and bone. Recently, it has been shown that dense 
crystalline layers are produced on HA and bioglass implant materials when they are placed in 
simulated body fluids. Hench and West (1992) have concluded that the development of the 
crystalline HA layer on bioglass is related to Si-O-H surface bond groups, which interact 
with the calcium ions to initiate HA crystal formation. As an implant material, HA provides 
a physical matrix for new bone deposition and has therefore been described as being 
osteoconductive or osteophilic (Jarcho, 1986). As a soft tissue implant, HA has been found 
to be compatible in epithelial, connective, periosteal and dermal applications (de Groot et al., 
1988). 
Biodégradation or resorbability of calcium phosphates affect their mechanical and 
biological properties as a biomaterial. The process by which calcium phosphates undergo 
degradation may be either by chemical dissolution or a cellular metabolic process (Ducheyne 
and Hastings, 1984). The dissolution properties are controlled by the chemical constitution 
and the microstructure or porosity (de Groot, 1981). For example, high density ceramics 
have less surface area and therefore less of a tendency to undergo bioresorption. Jarcho et al. 
(1976) found little or no degradation after a 6-month implant period of dense, polycrystalline 
HA. This was confirmed by Denissen et al. (1979) who implanted dense HA and found no 
measurable degradation after one year. Consequently, Jarcho (1986) has defined dense HA 
as non-resorbable. Likewise, the specific surface area of the material affects its solubility. 
Research results showed that the higher the specific area the greater the solubility (Posner 
and Beebe, 1975). Figure 8 shows solubility isotherms for several calcium phosphates as a 
function of pH of the surrounding fluid. From this it can be seen that HA is the most stable 
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Figure 8. Solubility isotherms for calcium phosphates as a function of pH (Heughebaert and 
Bonel, 1986) 
phase under many conditions and that for all calcium phosphates the solubility increases with 
decreasing pH (Young, 1975). 
Like all ceramic materials, the mechanical properties of HA are stronger in compression 
than in tension. Jarcho et al. (1976) reported a compression strength of 917 MPa, a tensile 
strength of 196 MPa and a modulus of elasticity of 34.5 GPa for dense HA. For comparison, 
strength values for cortical bone are 167 MPa in compression, 121 MPa in tension and an 
elastic modulus of 17.2 GPa (Park, 1987). Generally, the mechanical weakness of calcium 
phosphates in tension has limited their use as major dental or orthopedic applications. 
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Because of this, current application of HA is mainly for alveolar ridge augmentation using 
particle granules and as a coating for metallic implant devices. 
Tricalcium phosphates 
Tricalcium phosphate (TCP) is any calcium phosphate with a Ca/P ratio of 1.5. TCP is 
classified as a bioactive, biodegradable material (Kanazawa, 1989). Table 4 gives TCP 
compounds with their chemical formulas and temperature ranges. Of the TCP compounds 
Table 4. Pure tricalcium phosphates, Ca/P = 1.5 (after Heughebaert and Bonel, 1986; 
Kanazawa, 1989) 
Symbol Chemical Formula Chemical Name Temperature 
(Mineral Name) Range 
Am-TCP Ca3(P04)2 + adsorbed H2O amorphous TCP 
Ap-TCP Ca9(HP04)(P04)5(0H) apatitic TCP T<100°C 
P-TCP Ca3(P04)2, P form(whitlockite) anhydrous P-TCP T<1120°C 
a-TCP Ca3(P04)2, a form anhydrous a-TCP 1120°C<T<1470°C 
a'-TCP Ca3(P04)2, a' form anhydrous a'-TCP T>1470°C 
HP-TCP Ca3(P04)2, high pressure form high pressure TCP 
listed in Table 4, the p and a structures have been well defined crystallographically, whereas 
the apatitic and a' TCP structure have only been roughly defined (Heughebaert and Bonel, 
1986; Kanazawa, 1989). 
Because TCP is unstable in water, it cannot exist in physiological conditions (de Groot, 
1980). The reaction of TCP with water is as follows: 
H2O + 4 Ca3(P04)2 -> Cai0(PO4)5(OH)2 + 2 Ca2+ + 2 HPO^^" 
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So the surface of the TCP particles will actually become HA after being exposed to 
physiological fluid. De Groot (1980) concluded that any particles with a Ca/P ratio between 
1 to 2 will have no biological differences in interface behavior due to the above reaction. On 
the other hand, after implanting compact and macroporous cylindrical calcium phosphate 
ceramics with various Ca/P ratios in dog tibia, Koster et al. (1976) found the tissue 
compatibility to be dependent on the mineralogical and chemical composition of the material, 
with the optimum ratio being 1.5 (TCP). Likewise, Gatti et al. (1990) placed granules of HA 
and TCP in holes drilled in sheep mandibular bone and found that TCP granules induced total 
repair of the hole, whereas HA granules crumbled and no new bone induction was seen. 
The biocompatibility of TCP was shown by Cutright et al. (1972). TCP cylinders 
implanted in the leg muscle of rats were very well accepted by tissue, and bone deposited 
directly against and within the cylinders. Lemons et al. (1980) used porous TCP for 
implantation in rabbits and found complete ingrowth of bone after 12 weeks of implantation. 
For dental applications, Nery and Lynch (1978) and Nery et al. (1980) have reported bone 
ingrowth without inflammation or bone resorption for macroporous (400-500 pm) TCP 
placed in periodontal osseous defects in dogs. Similarly, for surgically created defects in the 
dog palate, defect sites filled with TCP healed faster than empty control sites (Mors and 
Kaminski, 1975). TCP has also been helpful as a graft for periodontal infrabony pocket 
therapy because it stimulates osteogenesis and shows normal epithelial attachment (Passi et 
al., 1987). With regard to the different crystallographic structures, both the a and p phases of 
TCP have been shown to be compatible with bone (Ferraro, 1979; Cameron et al., 1977). P-
TCP containing magnesium ions was placed as granules in bone cavities, and it was found 
that if bone reabsorption is biologically necessary, the biomaterial can be reabsorbed with 
bone. However, if osteogenesis is required the P-TCP with magnesium ions provides a more 
durable matrix to support new bone growth (Franchi et al., 1991). 
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Calcium phosphates are also well tolerated by immovable soft tissues. However, de 
Lange et al. (1986) did show that the quality of gingiva is dependent on the anchorage of 
underlying bone and optimal results showed a short zone of junctional epithelium followed 
by a well-developed connective tissue apparatus. 
Biodégradation of TCP has been described by de Groot (1980) as being done partially by 
a cellular mechanism where macrophages and giant cells will consequently contain ceramic 
particles. As already mentioned, Figure 8 compares the solubility of TCP to other calcium 
phosphate compounds. Also the biodégradation of p-TCP and a-TCP is much higher than 
HA and has been suggested in the following relationship (LeGeros et al., 1988; Ducheyne et 
al., 1993): 
a-TCP > p-TCP »> HA 
With regard to dissolution of various liquids, Jarcho (1986) found TCP to dissolve 12 times 
faster in an acidic and 22 times faster in a basic environment than HA. 
However, like HA, these rates of resorption are dependent on microporosity. Wagner et 
al. (1987) compared the biodegradability of dense TCP and HA placed in bone and muscle 
and found TCP to be only slightly more biodegradable than HA. They concluded that the 
porosity and the crystallographic structure of the ceramic are much more important than the 
Ca/P ratio of the ceramic. Hoogendoom et al. (1987) also compared macroporous HA and 
TCP and found TCP was resorbed about 30% in 22 weeks by mostly cell-mediated 
biodégradation, whereas HA was not affected by the bioresorption processes. Eggli et al. 
(1987) showed that the rate of implant substitution and bone growth for TCP depended on 
pore size. In addition, they found that the host tissue affects the rates of resorption for TCP. 
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Klein et al. (1984) found substantially different resorption rates for TCP between soft tissue 
and hard tissue implants. 
The mechanical properties of dense TCP were found to be 687 MPa in compression, 154 
MPa in tension and 33.0 GPa elastic modulus (Jarcho et al., 1979). Graves (1988), on the 
other hand, found the compressive and tensile strength of TCP to be 46 MPa and 11 MPa, 
respectively, and the elastic modulus to be 87.1 GPa. Because TCP is very bioresorbable and 
is usually largely replaced by bone (Cutright et al., 1972; de Groot, 1981), it acts as a scaffold 
to stimulate bone growth. After resorption takes place, mechanical properties decrease. 
Tricalcium phosphate/spinel composite 
As stated previously, tricalcium phosphate (TCP) offers good biocompatibility but loses 
strength due to biodégradation. By adding an inert material, the long term-strength can be 
improved. Janikowski and McGee (1969) first suggested whitlockite [Ca3(P04)2] and 
magnesium aluminate spinel [MgAbO^] to make artificial teeth with low solubility. 
Magnesium aluminate spinels have a face-centered cubic close packed crystal structure. 
This spinel has a low solubility in aqueous solutions (Janikowski and McGee, 1969). The 
hard and soft tissue biocompatibility of spinel has been shown to be excellent with intimate 
tissue/implant interfacing when implanted in swine bone (Karagianes et al., 1976). In 
addition, comparison of spinel with alumina and Ti-6A1-4V alloy found little difference in 
rate of tissue ingrowth and no inflammatory response. Richardson et al. (1975) found spinel 
disks to have a slightly better compatibility than several other materials implanted in muscle 
of rabbit. 
By combining refractory spinel with calcium phosphate, no reactions or mutual solid 
solutions are formed (McGee, 1974). McGee and Wood (1974) showed that sintering of a 
composite mixture of calcium phosphate and magnesium aluminate spinel consists of two 
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phases with no intermediate compounds. They termed the composite osteoceramic, which 
also will be used in this project for the tricalcium phosphate/spinel composite. When tooth 
implants with dense and porous regions were implanted submucosally in the mandible and 
maxilla of dogs, strong bone attachment to the prosthesis with no indication of a fibrous 
capsule was found (McGee and Wood, 1974). Tweden (1987) compared four endosseous 
dental implants made of single-crystal sapphire, pyrolytic carbon, Ti-6AI-4V alloy and 
calcium phosphate/spinel composite (osteoceramic) implanted in the mandibles of dogs. The 
tissue response of the osteoceramic implant was found to be superior to that of the three 
commercially-available implants. 
The physical and chemical properties of the osteoceramic were studied further by Graves 
(1988). Results showed that the osteoceramic has a higher compressive strength (299 MPa) 
and tensile strength (70.3 MPa) than cortical bone and a modulus of elasticity (114 GPa) 
similar to titanium. No strength loss was observed after bars of the osteoceramic material 
were exposed to Ringer's solution for 7 months, therefore no strength degradation of the 
osteoceramic composite was detected. 
Olson (1992) placed seven osteoceramic bone bridge implants, some supported by bone 
plates, in 1 inch middiaphyseal gaps of canine femurs for 3 weeks to 2 years. Some of the 
implants fractured due to loading, but one dog being observed in a continued study currently 
shows that the implant can bridge the bone permanently even without a bone plate. 
Cell Cultures for In Vitro Testing of Biological Response 
The use of cell and tissue cultures for studying the tissue response to implant materials 
has increased recently since this provides an ideal system for studying individual cell types 
without the complications encountered in vivo. The cells which are involved in soft tissue 
attachment to the natural tooth and dental implants are epithelial cells and fibroblasts. For 
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bone attachment, osteoblasts are studied. With respect to a culture environment, the general 
characteristics of these cells, their biology and their response to implant materials will be 
reviewed. 
Epithelial cells 
Epithelial cells are found as aggregates of cells in epithelial tissues, which cover or line 
the surfaces of the body and organs. These highly dense cells have intimate contact with 
each other leaving little intercellular substance between them. This characteristic allows 
them to be effective barriers between the environment and the underlying connective tissue. 
Epithelial cell biology The portion of the cell in contact with the environment is termed 
the apical or luminal border, whereas the basal border is in contact with the connective tissue 
and separated from the connective tissue by a basement membrane. Ten Gate (1985) stated 
that connective tissue has an important role in determining the expression of the epithelium 
which it supports, and if the epithelial expression is to be changed, it can only be brought 
about if the supporting connective tissue is changed. In culture, epithelial cells tend to form 
long lasting contacts and reassociate as sheets or islands of sheets (Brown and Middleton, 
1987). It was further observed that epithelial cells generally do not develop sufficient cell-
substratum adhesion to enable them to spread as extensively as fibroblast cells do. In 
addition, isolated epithelial cells have less of a tendency to assume polarized morphology and 
are less effective in translocating than fibroblasts. Salonen et al. (1991) reported that oral 
epithelial cells have strong potential for both intracellular and extracellular collagen 
degradation and that the absence of a basement membrane signals the cells to secrete a matrix 
degrading enzyme. 
As stated above, epithelial cells are very dense yet all the cells have charged surfaces 
causing them to repel each other. To allow attachment to occur, specialized contacts are 
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needed such as tight junctions, adhesive zones and desmosomes depending on the type of 
seal desired. Besides sticking to each other, epithelial cells are also able to adhere to their 
supporting connective tissue by use of specialized contacts called desmosomes. For 
epithelial cells cultured on foreign materials, the attachment is not with another epithelial 
cell, and so only half the attachment unit is involved and is called the hemidesmosome (Ten 
Gate, 1985). Taylor (1970) has established that epithelial cells are able to adhere to 
nonbiological materials such as titanium by forming a hemidesmosomal attachment.. 
In vitro epithelial response to various implant materials Many materials have been 
tested for in vitro epithelial cell response varying from metals to ceramics to polymers. For 
polymers, polystyrene. Teflon and Goretex (both polytetrafluoroethylene, PTFE) have been 
tested. Jansen et al. (1989) reported that rat palatal epithelial cells attached and grew better 
on tissue culture polystyrene and carbon surfaces than on other materials such as titanium and 
HA. In addition, that study found no significant relation between surface treatment and the 
behavior of epithelial cells cultured on various kinds of substrates. Salonen and Persson 
(1990) used gingival epithelial cells on Teflon and Goretex and found that cells adjacent to 
the Teflon were nonproliferative and showed signs of degeneration or cell differentiation and 
that epithelial cells did not attach to either PTFE material. Fletcher et al. (1978) evaluated 
cell adhesion to rigid materials by measuring air pressure needed to debond materials from a 
cell monolayer and found polystyrene along with titanium, glass, and vitallium best for cell 
adhesion. Also, Jansen et al. (1985) showed that hemidesmosome-like structures and 
extracellular matrix contacts were seen between polystyrene and guinea pig epithelial cells. 
For metals, the most frequently tested material is titanium because of its popularity as a 
dental implant material. Other metals studied include vitallium, copper, silver and gold. 
Baumhammers et al. (1978) placed gingival epithelial cells on several materials (tooth 
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enamel, glass, vitallium, titanium, and vitreous carbon) and concluded that the cells grew 
equally well on all materials whether they were smooth or rough. However, Jansen et al. 
(1985) examined guinea pig epithelial cells and found that titanium and gold showed no 
extracellular matrix contacts, whereas epithelial cells grown on polystyrene, HA, and 
carbonate apatite had hemidesmosome-like structures and extracellular matrix contacts. 
Similarly, Kasten et al. (1990) showed results which indicate that gingival epithelial cell 
attachment is three times lower on titanium than HA or single crystal sapphire and conclude 
that titanium metals are relatively ineffective in adhering gingival epithelial cells under in 
vitro conditions. On the contrary, several authors have stated that epithelial cells attach 
similarly to titanium and to natural tooth (Fletcher et al., 1978; Gould et al., 1981, 1984; and 
Hormia et al. 1991). Fletcher et al. (1978), using the pressure of adhesion technique for 
measuring cell adhesion to rigid materials, reported that gold, silver, and copper had poor cell 
adhesion in comparison with titanium and vitallium. Gould et al. (1981,1984), using oral 
epithelial cells, concluded that epithelial cells attach to the titanium surface by means of basal 
lamina and hemidesmosomes in a manner similar to the way that epithelium attaches to the 
tooth in vivo. Hormia et al. (1991) also found that titanium surfaces could be optimal in 
maintaining the adhesion and specialized phenotype of gingival epithelial cells. 
The ceramics used for epithelial cell testing include glass, carbons, HA and carbonate 
apatites and single crystal sapphire (a-Al203). Jansen et al. (1989) found the rat palatal 
epithelial cells attached and grew better on carbon surfaces than on HA, titanium and tissue 
culture polystyrene. On the other hand, van Blitterswijk et al. (1986) looked at epithelial 
cells from middle ear mucosa expiants and found good attachment and biocompatibility of 
the epithelial cells to HA. Also, the morphology of the cells did not undergo any changes. 
Further, Salonen and Persson (1990) tested gingival epithelial cells on HA and showed that 
they formed a morphologically and functionally distinct layer of proliferating cells along the 
46 
substratum. This has also been found by Jansen et al. (1985) using guinea pig epithelial cells. 
Hemidesmosome-like contacts on carbonate apatite and HA materials were observed. 
Arvidson et al. (1991) cultured human oral epithelial cells and fibroblasts on single crystal 
sapphire and observed normal cell morphology and growth characteristics. Kasten et al. 
(1990) investigated attachment to various materials including variations with collagen 
coating and surface texture. They found HA and single crystal sapphire adhere about three 
times more cells than metals. Furthermore, collagen coating doubled the number of cells 
bound to smooth HA but had no influence on cell adhesion to roughened HA. 
Fibroblasts 
Fibroblasts are the fiber-forming cells of the proper connective tissue. At early 
development, their shape is characteristically spindle-shaped with long cellular processes. 
Fibroblasts secrete procollagen, elastin and proteoglycans. In culture, fibroblasts migrating 
from an expiant form a meshwork of loosely associated cells (Brown and Middleton, 1987). 
Mature fibroblasts in loose connective tissue generally do not form junctions with 
neighboring cells. Fibroblasts have microtubules and intermediate filaments, which are 
responsible for their typical shape and allow them to move. To allow the fibroblast to attach 
to the extracellular matrix or in vitro substratum, fibronectin, a cell surface glycoprotein, is 
used. 
Fibroblast cell biologv Fibroblasts found in the oral tissues can be harvested from the 
periodontal ligament or the gingiva. Even though both are fibroblastic cells, differences in 
their proliferative rates and macromolecular synthesis have been reported (Mariotti and 
Cochran, 1990). In previous studies, functional differences in cells derived from gingival 
connective tissue and periodontal ligament connective tissue were found. Somerman et al. 
(1988) found that in vitro periodontal ligament cells had higher protein and collagen 
47 
production and higher alkaline phosphatase levels than gingival fibroblasts. With regard to 
proliferation, Mariotti and Cochran (1990) reported that fibroblasts derived from gingiva 
became confluent by day four whereas fibroblasts from periodontal ligament were not 
confluent until day six. Somerman et al. (1988) did find that the gingival fibroblasts and the 
periodontal ligament cells appeared morphologically similar. 
Fibroblast response to various implant materials Similar to epithelial cells, fibroblasts 
have been tested in vitro on several materials including metals, ceramics and polymers. The 
polymers which have been examined include polyvinyl chloride (PVC), nickel polyethylene, 
polymethylmethacrylate (PMMA) and polystyrene tissue culture plastic. Rovensky et al. 
(1971) found that the cell behavior on nickel polyethylene and PMMA was similar to that on 
PVC. They further tested the geometry effect on cell attachment and concluded that not only 
the adhesive properties of the substrate, but also its geometry, are important in the attachment 
of cells and the direction of their locomotion. 
Titanium discs were tested by Kruse and Patterson (1973) and compared to glass. They 
found that the cells on the glass grew slower than expected and that in comparison the growth 
of cells on titanium was slightly better. Gregoire et al. (1987) reported that fibroblasts 
phagocytize debris from titanium and tantalum which decreases the growth rate of cultured 
fibroblasts. They further reported that debris of dental gold and stainless steel cause a 
significant growth inhibition of fibroblasts. Likewise, Berstein et al. (1992) investigated the 
compatibility of various precious alloys, low noble alloys and non-precious alloys/metal 
using oral fibroblasts and stated that all metallic materials showed cytotoxic properties in 
primary culture. In addition, all non-precious alloys almost completely inhibited cell growth. 
Wataha et al. (1993) tested the uptake of metal cations by fibroblasts and found that the cells 
accumulate these cations. However, I noue et al. (1987) found that fibroblasts in a cultured 
multilayer will rapidly migrate onto the periphery of a titanium alloy disc similarly to 
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behavior seen with a slice of dental tooth root. They further observed cellular bridge 
formation between the material and cell multilayers. Donley and Gillette (1991) have also 
reported that a chemical attachment between titanium and epithelium exists in vitro. 
Fibroblasts have been tested on ceramics such as carbon, HA, calcium-containing 
complexes, aluminum oxide and bioglass. Ricci et al. (1991) investigated the response of rat 
tendon fibroblasts on a three-dimensional carbon fiber matrix. They concluded that 
fundamental differences in the cell growth mechanism occur on planar versus three-
dimensional fiber substrates. When these researchers compared cells grown on culture plates 
and a variety of synthetic fibers, they found no difference in their viability. HA has been 
suggested for being phagocytized by fibroblastic cells and may be implicated in the 
biodégradation processes of implants. Gregoire et al. (1987) examined the intracellular 
activity of fibroblasts on synthetic granular HA and reported that the presence of HA 
particles increased cell proliferation and DNA synthesis regardless of the fibroblastic cell line 
used. Several years later, a study done by the same researchers showed that biological 
response of fibroblasts to calcium phosphates is caused by their solubility rather than by the 
bulk properties (Orly et al., 1989). The four calcium phosphates tested (HA, whitlockite, P-
TCP and octacalcium phosphate) significantly increased the rate of DNA synthesis, 
especially after 2 d incubation. More calcium-containing complexes were investigated by 
Cheung and McCarty (1985). They stated HA, octacalcium phosphate, calcium 
pyrophosphate dihydrate, calcium urate, calcium ethane-OH diphosphate and calcium-
chloromethylene diphosphate stimulate the mitosis of cultured human and canine fibroblasts. 
Also, comparing another ceramic, phagocytosis of aluminum oxide debris caused the growth 
rate of fibroblasts to decrease. Finally, Hakkinen et al. (1988) studied the attachment and 
spreading of human gingival fibroblasts on ten potentially bioactive glasses with various 
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compositions containing Na, Ca, P, Al, B, and Si in vitro and found that attachment and 
spreading to these bioglasses were slower than to control plastic polystyrene. 
Researchers also have tried to use extracellular matrix, such as collagen and fibronectin, 
to increase cell adhesion. Nishimura (1990) found that coating the biomaterial surface with 
collagen and collagen fibronectin enhanced cellular adhesion and promoted the growth of 
fibroblasts and osteoblasts. 
Osteoblasts 
Osteoblasts are bone-forming cells which normally reside in bone and are derived from 
fibroblast-like mesenchymal precursors (Bouvier, 1989). These cells are of interest in 
studying the bone-implant interface because they are usually in intimate contact or even 
chemically bonded to the implant surface. 
Osteoblast biology Osteoblasts are actively engaged in organic matrix formation and 
synthesize proteins for export. Bone matrix may consist of 12 or more types of collagen, 
with the main component of the organic matrix being fibrillar type I collagen (Stanford and 
Keller, 1991). The organic matrix subsequently undergoes calcification by deposition of 
calcium and phosphate crystals. While bone forming cells are involved in bone metabolism, 
researchers have also demonstrated that the osteoblasts may stimulate osteoclasts, therefore 
involving them in both formation and resorption of bone (Wong, 1990). The appearance of 
osteoblasts varies according to their functional state, so the higher their rate of matrix 
formation, the greater their volume and density and the smaller their secretion area (Simmons 
and Grynpas, 1990). Jones and Boyde (1979) have shown that osteoblasts are the only cells 
that will migrate from the bone and subsequently colonize the biomaterial. Furthermore, 
Davies et al. (1987) have shown that osteoblasts in culture produce extracellular matrix 
directly onto the surface of the biomaterial. This extracellular matrix had an organized 
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appearance and contained very few cells. In their low seeding density experiments, the 
osteoblasts showed extensive proliferation, migration and modulations. Jones and Boyde 
(1977) have reported that when osteoblasts migrate, their cell shape changes from a typical 
tesselated osteoblast to a fibroblast-like form. The morphology exhibited during migration 
has been shown to affect the cellular metabolic activity (Davies et al., 1987) 
Osteoblast response to various implant materials Like other cell types, the attachment 
of osteoblasts has been tested using metals, ceramics and polymers. For polymers, 
polystyrene, polymethylmethacrylate (PMMA), and poly-hydroxyethylmethacrylate (HEMA) 
have been tested. Malik et al. (1992) showed the morphological sequence of osteoblasts 
interacting with polystyrene and rough alumina was the same, but significantly different from 
HA. Davies et al. (1986) used two polymers, PMMA and lead poly-acrylate (LPA) with 
positive and negative surface charges, to test single-cell osteoblast migration. Even though 
osteoblasts migrated over positively and negatively charged substrates, close approximation 
of the cells was only seen with positively charged surfaces. They concluded that substrate 
charge of the polymers can affect migratory as well as metabolic behavior. 
Several researchers have examined osteoblast cell attachment to unalloyed titanium and 
the influence of surface properties of the implant material on the cell response. Bowers et al. 
(1992) reported highest percentage of osteoblast cell attachment was obtained on the rough, 
irregular patterned surfaces produced by sandblasting. Because surface sterilization has 
shown to affect in vitro attachment of cells, Swart et al. (1992) examined the effect of 
plasma-cleaning (PC) treatment of titanium on osteoblast-like cells and found that short-term 
PC treatment produces surfaces which favor early in vitro cell attachment. 
Using bioreactive and nonbioreactive glasses. Gross et al. (1986) found that osteoblast 
growth to be slower on the reactive, bone bonding glass. On the contrary, Vrouwenvelder et 
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al. (1992) and Matsuda and Davies (1987) also cultured osteoblasts on bioactive versus 
nonreactive glasses and found that osteoblasts cultured upon bioreactive glass showed 
superior histological and biochemical parameters. Recently, Vrouwenvelder et al. (1993) 
examined more materials and based on histological and biochemical evaluation concluded 
that osteoblasts cultured on bioactive glass generally show better osteoblast characteristics 
than osteoblasts cultured on HA, titanium alloy or stainless steel. Brook et al. (1993) tested a 
granular glass ionomer cement for osteoblast-like cell response and observed that the cells 
colonized the surface of the material to produce a collagenous extracellular matrix and that an 
electron-dense bonding zone was formed. Other researchers have also reported this electron-
dense layer with bone cells on HA, coral and cytodex polymer (Sautier et al., 1992). 
Among the ceramic materials tested, HA and other calcium phosphates are probably the 
most frequent. Cell attachment and growth of osteoblasts to HA was initially lower than Ti-
6A1-4V, stainless steel, Co-Cr-Mo alloy, polystyrene and borosilicate glass (Puleo, 1991). 
After four d, however, the rate of growth on HA increased significantly over the other 
materials. In addition, their results showed that collagen synthesis was approximately the 
same on all the materials tested with 50-55% of the protein being synthesized being collagen. 
Malik et al. (1992) examined osteoblast morphology up to 2 h on alumina, bone, polystyrene 
and HA and found the morphology of osteoblasts interacting with the HA to be uniquely 
different and suspected the surface reactivity may be a key factor. Gregoire et al. (1990) 
reported that isolated human bone cells, which displayed characteristics of osteoblast-like 
cells, and a cell line of osteoblasts are capable of ingesting synthetic calcium phosphate 
granules. Furthermore, they suggest that the calcium phosphates are probably degraded by 
the acidic environment of the phagolysosomes observed in the cells. Rout et al. (1987) tested 
dense and macroporous HA and found that cells on both materials produced extracellular 
matrix but that infiltration of the pores by migrating osteoblasts was dependent on pore size. 
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This review summarized the various results researchers have found studying epithelial 
cell, fibroblast and osteoblast attachment to common implant materials. From the broad 
range of conclusions reported, it is evident more research needs to be done examining short-
term in vitro cell attachment response as proposed in this study. 
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MATERIALS AND METHODS 
Raw Material Preparation 
Ceramic specimens were manufactured with tricalcium phosphate, with spinel, and with 
an equimolar mixture of these two materials named "osteoceramic." For the in vitro cell 
attachment specimens all three compositions were used; but, for the dental implant 
manufacture and the dissolution discs, only the equimolar mixture was used. 
Osteoceramic (OC) discs and tooth root implants were prepared with tricalcium 
phosphate (Mallinckrodt, St. Louis, MO) and magnesium aluminate spinel (Baikowski 
International Corp., Charlotte, NC). The spinel (SP) was a single calcined, high purity 
powder with a chemical composition of MgAl204. It had a true density of 3.57 g/cm^ and 
an elementary particle size of 0.03 ^m. The crystalline mineral in the tricalcium phosphate 
(TCP) was hydroxyapatite (HA) with the approximate chemical composition of 
Ca% 0(PO4)6(OH)2, but the Ca:P ratio was 1.6, intermediate between TCP and HA. The TCP 
had a true density of 3.14 g/cm^. 
The OC composite was manufactured using 50 vol% TCP and 50 vol% SP. The raw 
materials were weighed and dry stirred. A binder/plasticizer solution was added to increase 
the green strength of the ceramic. The binder, 40303.00 Dow experimental binder (Dow 
Chemical, Midland, MI), and the plasticizer, Polyglycol E-400 plasticizer (Dow Chemical, 
Midland, MI), were mixed at a ratio of 20:1, respectively. One part binder/plasticizer and 
four parts water were mixed together according to the manufacturer's directions to make the 
binder/plasticizer solution. Nine wt% of the solution was added dropwise to the powders and 
mixed thoroughly using a mortar and pestle. The mixture was then passed through a 30 mesh 
stainless steel sieve. The mixing and screening steps were repeated once again to assure 
thorough mixing. This resulted in an agglomerate particle size of smaller than 600 pm. 
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Specimens made of 100% TCP were prepared using the same procedure as the OC. TCP 
(Mallinckrodt, St. Louis, MO) was mixed with a 9 % binder/plasticizer solution as described 
above. 
Specimens made of 100% SP were prepared using the same procedure as the OC. SP 
(Baikowski International Corp., Charlotte, NC) was mixed with a 9 % binder/plasticizer 
solution as described above. 
Ceramic Manufacture 
To make tooth root implants, cylindrical pellets with a diameter of 1.27 cm and a length 
of about 2.54 cm were pressed from 4 g of ceramic powder using a Model C Carver 
laboratory press at a pressure of 4000 psi. The pellets were cold isostatically pressed to 
25,000 psi. The pellets were prefired to 1200°C at a heating rate of 100°C/hr and cooling 
rate of 150°C/hr in a silicon carbide resistance furnace. The purpose for prefiring was to give 
the ceramic enough strength for machining. At this stage, the pellets were machined to the 
specific implant design, taking shrinkage values between 1200°C and 1450°C into account. 
The origination of the implant design has previously been reported and is shown in Figure 9 
(Niederauer, 1990). The final step was to sinter the implants to 1450°C at a heating rate of 
100°C/hr and a cooling rate of 150°C/hr. 
Ceramic discs for the cell attachment assays and surface contact angle measurements 
were dry pressed with 2 g of powder to 4000 psi using a 3/4 in. cylindrical die. They were 
then isostatically pressed to 25,000 psi. The discs were fired from the green state to 1450°C 
at the same heating and cooling rates as described above. Ceramic discs for dissolution 
studies and surface pH measurements were pressed from 1 g of powder using a 1/2 in. die 
and processed in the same manner as the discs above. 
Scale: 
1 mm 
2.875 
VI 
Figure 9. Implant design showing shoulder heights of 1.2. 3. and 4 mm 
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Surface variations 
To create different surface morphologies, the OC was produced with three surface 
structures: (1) smooth with micropores, (2) slightly irregular, and (3) roughened with 
macropores and micropores. The purpose of these variations was to test the effect of surface 
structure on tissue adherence. 
Smooth To create a smooth surface, the shoulders of specific tooth root implants, or 
one side of specific discs, were polished at low speed on a mineralogy polishing wheel using 
the following sequence of grit sizes and time periods: 
600 grit silicon carbide for five min, 
6 pm diamond paste for two min, and 
1 |im diamond paste for two min 
After each polishing cycle the specimens were ultrasonically cleaned in mild detergent and 
rinsed thoroughly. Then they were heated to 70°C to dry. 
Irregular The fired surface of the ceramic material produces an irregular surface with 
grains of ceramic material sintered together. No further treatment was needed to produce the 
desired slightly irregular surface structure. 
Rough Since the ceramic composite consists of two phases, a soft TCP and a hard SP, 
the soft phase can be etched out to create surface pores. After experimenting with several 
acids and etching times, a 40 sec immersion in 10 % nitric acid solution was found to be 
appropriate to produce macropore sizes in the 5-20 pm range. To etch only the shoulder 
bands of the implants, masking tape was wrapped around the shoulder band, then the entire 
implant was dipped in melted paraffin wax and cooled. The masking tape was removed to 
leave the shoulder bands exposed; the wax layer protected the remaining parts of the implant 
from the acid. After the ceramic specimens were immersed in acid for the etching process, 
they were immediately rinsed in distilled water several times. The implants were repeatedly 
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swirled in xylene until the wax was completely removed. After ultrasonic cleaning to remove 
debris, the etched specimens were fired to 500°C to vaporize any residue. 
Materials Analysis 
The materials analysis included both chemical and physical examinations of the ceramic 
specimens. The crystal structure of the OC had previously been determined using x-ray 
diffraction (Niederauer, 1990). The structures of all ceramic surfaces were examined using 
scanning electron microscopy. Image analysis of the micrographs was applied to determine 
the pore sizes and their distribution on each surface. The chemical compositions of the 
various OC surfaces were characterized using Energy Dispersive Analysis (EDA) to 
determine any chemical changes that may have occurred during the surface treatment. The 
surfaces were further characterized using pH measurements and contact angle measurements 
because the chemistry and wettability of implant surfaces have been shown to affect cellular 
response (Jansen et al., 1983; Dorfman, 1986; Keller et al., 1990). Finally, to investigate the 
dissolution behavior of the OC, discs were placed in buffered saline to study how calcium 
and phosphorus concentrations in the surrounding media vary from 2.4 h up to 21 d. 
X-ray diffraction 
The raw materials, calcium phosphate tribasic and magnesium aluminate spinel, have 
been identified previously in the raw material stage using X-ray diffraction (Graves, 1988). 
Graves found that the crystalline phase of the TCP was actually hydroxyapatite 
[Cai0(PO4)6(OH)2] and that the SP was fully converted spinel [MgAl204]. 
To identify the sintered OC composite using x-ray diffraction, discs made with TCP and 
SP were prepared and crushed to assure a particle size of smaller than 80 |im as described in 
Niederauer (1990). X-ray diffraction was run on a Siemens D-500 unit (Siemens, Madison, 
WI) at 50 kV and 25 mA with CuK a radiation. Phases were identified using ASTM Powder 
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Diffraction Data files, and the two phases a-Ca3(P04)2 and MgAl204 were found to be 
present (Niederauer, 1990). 
Scanning electron microscopy 
All ceramic specimens including the various surface structures were prepared for electron 
microscopy by sputter coating them using a Polaron E 5100 sputter coater (Instruments Inc., 
San Carlos, CA) with a 60/40 platinum-palladium target for 4 min. The surfaces were 
examined using a JSM 35 scanning electron microscope (JEOL, Peabody, MA) using 20 kv 
and 40 mA. 
Image analysis of surface structures 
Image analysis had been used previously to quantify and evaluate the pore sizes of each 
of the three OC surface structures (Niederauer, 1990). Negatives from randomly positioned 
scanning electron micrographs were enlarged, micropores were traced onto white paper and 
blackened. Then, video images were acquired, processed and at least 163 features of each 
surface structure were analyzed. The area, perimeter, breadth, height and Waddel diameter, 
also called the nominal diameter, of each feature were measured. Statistical analysis and 
distribution curves of the parameters were compiled. 
Energy dispersive analysis 
OC discs were prepared, as described earlier, to produce smooth, irregular, and rough 
surfaces. After coating the discs with carbon, a JSM-840A Scanning Microscope (JEOL, 
Peabody, MA) with 15 kV and 0.4 nA was used for analysis. For the EDA, 128 x 64 pixel 
resolution was used with 15 msec/point. The energy spectrum for the OC was plotted. The 
elemental distributions of aluminum, calcium, magnesium, oxygen, and phosphorus were dot 
mapped for each of the three OC surfaces. 
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Surface pH 
The relative acidity/basicity of the OC surfaces, of TCP, and of SP were determined using 
indicator dyes. This method has been adapted from one described by Filbey et al. (1987). 
The series of indicator dyes and their pH ranges are shown in Table 5. All dye solutions 
were prepared from powders. A quantity of 0.01 g each of Bromothymol blue (Sigma 
Chemical, St. Louis, MO), Orange I (Fluka, Ronkonkoma, NY), Thymol blue (Sigma 
Chemical, St. Louis, MO), or Bromophenol blue (Fisher Scientific, Fair Lawn, NJ) was 
dissolved in 25 ml of distilled, deionized water (DDW) to make a 0.04 % solution. A 
quantity of 0.1 g of Bromocresol purple (Fisher Scientific, Fair Lawn, NJ) was dissolved in 
9.25 ml of 0.02 N NaOH and then diluted to 250 ml. The dyes were used to observe the 
color changes related to the pH range of the surface. The exact pH of the surfaces cannot be 
determined on an atomic level by this method, but large relative pH differences between 
samples can be observed (Keller et al., 1990). Fifty pi of each dye was placed on the disc 
surface using a pipette. This amount was found to be just enough to cover the surface, 
without running down the sides. Visual color changes were observed 15 min later. 
Table 5. Indicator dyes and their pH ranges 
Dye pH 
Bromophenol blue 
Bromocresol purple 
Bromothymol blue 
Orange I 
Thymol blue 
3.0 (yellow) - 4.6 (blue) 
5.2 (yellow) - 6.8 (blue) 
6.0 (yellow) - 7.6 (blue) 
7.6 (yellow) - 8.9 (violet) 
8.0 (yellow) - 9.6 (blue) 
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Contact angle 
Contact angle measurements were used to determine the wettability of the ceramic 
surfaces. Six discs of each of the following variations were used for the measurements: 
rough OC, irregular OC, and smooth OC, TCP and SP. One drop measuring 10 |il of DDW 
was placed in the center of each disc using a microsyringe, which was rigidly attached above 
the disc. The drop was photographed 30 sec later as shown in Figure 10. The relative 
humidity and temperature of the room were constant at 54% and 22°C, respectively. The 
photographed images were projected, and the surface contact angle was calculated from; 
0 = 2 arctan 2h / b 
air (vapor) 
water drop (liquid) 
ceramic disc (solid) 
Figure 10. Contact angle measurement set-up 
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where 0 is the contact angle, h is the height and b is the base of the liquid drop as indicated in 
Figure 10 (DeJong, 1982). The mean and standard deviations of each group were calculated, 
and the Tukey's Studentized Range Test at a significance level of a=0.05 was used for 
comparison between factor level means. 
Dissolution experiments 
LeGeros et al. (1988) have stated that in vitro assessment of biodégradation can be made 
from dissolution experiments and expressed as ppm Ca or ppm P in the acid buffer as a 
function of time in well-defined systems. For this dissolution study, ceramic discs were 
prepared as described previously, ultrasonically cleaned in DDW for 20 min and dried at 
70°C overnight. Twenty discs were weighed, and the height and diameter of the discs were 
measured using hand calipers. The volume, bulk density and surface area were calculated 
from these values. 
Tris(hydroxymethyl)aminomethane (TRIS)-hydrochloric acid (HCl) buffered 
physiological saline was chosen as the dissolution fluid because this buffer is Ca and P free. 
Hyakuna et al. (1990) have shown that both PO4 and Ca in the surrounding environment 
greatly affect the surface reactions and solubility of calcium phosphate biomaterials. 
Furthermore, in vitro assays in Ca and PO4 free solutions have been found to be predictive of 
calcium phosphate ceramics resorption in vivo (Jarcho, 1981). For the titration, a 50 mM 
TRIS solution and 50 mM HCl solution were prepared. The physiological saline, 0.9 % 
Sodium Chloride Injection USP (Baxter Healthcare, Deerfield, IL), contained 154 mEq/1 Na, 
154 mEq/1 CI, and had an osmolarity of 308 mOsmol/1. The saline was titrated to a pH of 7.3 
using both 50 mM TRIS and 50 mM HCl solutions. 
Scintillation vials with a volume of 10 ml were filled with 8 ml of TRIS-HCl buffered 
saline. For each experiment 3 vials with 1 disc each and 3 vials with no discs (control) were 
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used. Experiment durations were 2.4 h, 1 d, 2 d, 5 d, 10 d and 21 d with duplicates done at 1, 
2, 5, 10, and 21 d. During the experiment, the vials were continuously agitated using a 
rotator and kept at room temperature. The dry weight of each disc was recorded before and 
after the experiment. The pH of the saline was measured at the start of the experiment and at 
each time duration. After the specific time period, the discs were removed from the vials, the 
fluid from the three vials was combined and measured for Ca and P ionic concentrations. 
Also, for the control vials without any discs, the fluid from the three vials was combined and 
Ca and P ionic concentrations were measured. Some of the removed discs were dried at 70°C 
and prepared for scanning electron microscopy as described previously to examine surface 
morphology changes. 
To determine the total P concentration of the retrieved media. Environmental Protection 
Agency (EPA) method number 365.4 for Chemical Analysis of Water and Wastes (EPA 
600/4-79-020) was used. This is a calorimetric, semi-automated process which uses block 
digestor A A II. To determine the Ca concentration, EPA method number 215.1 was used, 
which applies atomic absorption and direct aspiration. Control solutions with various known 
ion concentrations were prepared and included for measurements. 
In vivo Testing 
To test the OC implants in vivo, mongrel dogs were chosen as models. First, three teeth 
in the premolar area of the mandible were bilaterally extracted. Then the implants were 
placed and evaluated using clinical examinations and radiographs. After euthanasia, 
histological sections were prepared for microradiography, fluorescence microscopy and light 
microscopy. 
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Tooth extraction 
Ten mongrel dogs representing both sexes were used for this implant study. Large 
mongrel dogs are the best model for human dental implant research, because they offer 
favorable characteristics for use in comparative studies (Cranin et al., 1988). The dogs 
weighed between 19 and 28 kg, with an average weight of 24.2 kg as shown in Table 6. 
Table 6. Dog weights and sex 
Dog Number Weight (kg) Sex 
7934 24.5 F 
8722 24.1 M 
8724 25.0 F 
8725 19.0 M 
8730 25.0 M 
8732 25.0 F 
8733 25.0 M 
8734 24.0 M 
8736 22.7 F 
8739 27.7 M 
Anesthesia was induced using 17.5 mg/kg Surital® (Parke-Davis, Warner-Lambert Co., 
Morris Plains, NJ) intravenously to effect and maintained using 1-2% halothane gas. Surital 
® is a thiamylal sodium solution which acts as an ultrashort barbiturate. Atropine sulfate 
(Fort Dodge Laboratories, Inc., Fort Dodge, lA) at a dosage of 0.5 mg/kg was administered 
subcutaneously to all dogs as a cholinergic blocking agent to increase the pulse rate. 
Dopram® (A. H. Robins Company, Richmond, VA), a doxapram which acts as an adrenergic 
agent, was given at 5 mg/kg as a respiratory stimulant for one dog. Radiographs of both 
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sides of the mandible were taken prior to extraction. The 2nd, 3rd, and 4th mandibular 
premolars were extracted bilaterally. To help extract the roots individually, the crowns were 
separated by cutting them in half buccal-lingually with a dental diamond rotary saw. Some 
of the tooth root tips broke off during extraction and had to be drilled out with a dental bur. 
The width and height of the alveolar ridge, the thickness of the gingiva, as well as the length 
of the extracted roots were measured. The oral health of the animal, especially the gingival 
condition, was noted. Penicillin G procaine (Pizer, Inc., NY, NY) at 0.1 ml/kg was injected 
intramuscular as an antibacterial agent. No food was given for at least 24 h after the 
extraction procedure, at which time soft food was given for two weeks, followed by a 
standard hard diet. The mandibles were allowed to heal for at least 3 months. 
Implantation procedure 
Prior to implantation, all implants were measured to record shaft diameter, shoulder 
height and shoulder diameter. Then all the implants were sterilized in an autoclave. 
Anesthesia was induced using Surital® (17.5 mg/kg) intravenously to effect and maintained 
using 1-2% haiothane gas. Atropine sulfate (0.5 mg/kg) was administered subcutaneously to 
the dogs which needed a cholinergic blocking agent to increase the pulse rate. Figure 11 is a 
schematic showing the major implantation steps which are described as follows. For 9 of the 
10 dogs a mucoperiosteal buccal-Ungual flap extending over the 2nd, 3rd, and 4th premolar 
sites of the mandible was cut, and the soft tissue was elevated carefully from the osseous 
crest of the ridge and the buccal portion of the alveolar ridge. In all dogs, two implants were 
placed on each side of the mandibles to assure ample space between the implants and to keep 
their responses from interfering with each other. A variable speed drill with maximum rpm 
of 350 was used to drill two holes in each side of the exposed alveolar mandibular bone. For 
each implant receptor site, a pilot hole was first drilled using a 2.5 mm diameter drill bit. 
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a) b) 
c) d) 
f) e) 
Figure 11. Schematic illustration of major implantation steps in canine mandible, a) 
extraction of 2nd, 3rd, and 4th premolars, b) cutting of mucoperiosteal buccal-
lingual flap, c) two holes drilled in alveolar bone, d) implants placed in drilled 
holes, e) flap placed back over implants and sutured, and f) healed tissue ready for 
gingiva cut-back 
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Then the hole was enlarged to 3.5 mm using minimum speed (250 rpm) with liberal 
application of topical saline to keep bone damage minimal. Excessive heating and surgical 
trauma can cause damage to the surrounding bone tissue and disturb the bone regeneration 
capacity of the vital bone tissue (Eriksson and Albrektsson, 1984). This process was repeated 
again using a 3.6 mm drill bit. In some cases, the 3.6 mm drilled hole was too small, so a 3.8 
mm bit was used to enlarge the hole. For the first dog in the implant study (8732), the pilot 
subject, two lingual-buccal flaps were cut bilaterally to cover each implant individually. For 
this pilot subject, a 15,000 rpm dremmel tool was used to drill a 2 mm hole and then a hand 
drill was used to enlarge the hole to 4.5 mm. 
Thirty-two implants were placed in 8 dogs to study the response of transgingival 
implants. For some of the later implant procedures (8736, 8724), the top of the ridge was 
filed off to flatten it. This provided more contact area between the shoulder and the alveolar 
ridge. These two dogs (8724, 8736) had only 1 mm implants placed to document short-term 
bone response at 20 and 33 d. The overall implant distribution is shown in Table 7. The as 
fired surface with a slightly irregular surface structure was the control surface. Each dog had 
at least one implant with this surface. Both the shoulder height and the shoulder surfaces 
were varied. Consequently, several dogs (8732, 8725) had varying shoulder heights with 
control surfaces implanted, while other dogs (8722, 8734) had constant shoulder heights with 
varying shoulder surfaces implanted. Dog 8732 had a 2.6 mm implant which was an 
unintentional error in the lathe processing during the manufacturing. Specific details with 
regard to type of implants and positions in each animal are shown in Appendix 1. 
The implant was placed into the bone cavity allowing the shoulder of the device to rest on 
top of the alveolar ridge. The gingival flap was placed back over the implants and sutured 
using 3.0 chromic gut (Ethicon, Inc., Somerville, NJ). At this point, radiographs were taken 
to assess placement of implants and to document bone gap area around the implant. Dogs 
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Table 7. Implant distribution 
Shoulder Shoulder Total Short term Long term 
Height Surface Nr.^ 20 d^ 33 d 1 m^ 3 m 6 m 12 m 
1 mm IRd 9 4 4 I 
2 mm IR 6 1 2 3 
ROe 5 2 2 1 
SMf 4 2 2 
2.6 mm IR 1 1 
3 mm IR 5 1 2 1 1 
RO 5 2 1 2 
SM 4 2 1 1 
4 mm IR 1 1 
Totals 40 4 4 8 9 7 8 
^Total Nr. = total number of implants of a specific shoulder height and surface structure, 
^d = length of implantation time in days. 
*^m = length of implantation time in month(s) following gingiva cut-back. 
•^IR = irregular surface. 
GRO = rough surface. 
%M = smooth surface. 
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were given no food for 48 h, then soft food only until the gingiva was cut back. One dog 
(8725) was put on amoxicillin for 14 d at 600mg/day because of local infection of the 
surrounding tissue caused by the premature protrusion of the 4 mm implant through the 
gingiva. 
Clinical evaluation and gingiva cut-back 
Following the implantation surgery, dogs were examined every two weeks until the 
gingiva was cut back. The clinical examinations before the gingiva cut-back consisted of 
visual examinations of the implant sites, photographs of the sites, and radiographs. The 
gingiva was cut back to expose the implant between 4 and 8 weeks post surgery. Even 
though some implants had already protruded the gingiva prior to cut-back, the gingiva was 
completely cut back at the designated cut-back date. Figure 12 shows the exact number of 
days following implantation at which the gingiva cut-back was done for each dog. The short 
term dogs (8724, 8739) did not have the gingiva cut back. For the cut-back procedure, a 
scalpel was used to cut the gingiva off in a circular fashion above the implant shoulder. After 
cut-back, dogs were kept on soft food for at least 1 month. Examinations after cut-back of 
gingiva were done at approximately two weeks, one month, two, three, four, five, six and at 
nine months depending on the total implantation time. The post cut-back examinations 
consisted of visual examinations, probing, photographs and radiographs. Numerical indexes 
were used to evaluate gingival bleeding, mobility, and plaque/calculus (Koth et al., 1985) 
and are shown in Table 8, 9, and 10, respectively. The numerical evaluation was started 
about 3 months after some of the implants had been cut back, therefore, some of the initial 
indexes were not measured. 
The left or right 1st mandibular molars were the control teeth. The entire clinical 
evaluations were performed by the same person. Some researchers (Koth et al., 1985) have 
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Figure 12. Time lines indicating implantation procedures, bone labels and sacrifue 
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Table 8. Gingival bleeding index 
Grade Clinical Impression 
0 Gingiva has normal color and stippling, no bleeding on probing 
1 Gingiva has normal to slightly hyperemic color and stippling, no bleeding on 
probing 
2 Gingiva hyperemic with redness and loss of stippling, bleeding on probing 
3 Gingiva markedly red, edematous, spontaneous bleeding on finger pressure 
Table 9. Mobility index 
Grade Clinical Impression 
0 No mobility 
1 Slight buccal-lingual mobility, < 0.5 mm 
2 Slight buccal-lingual mobility, > 0.5 mm but < 1.0 mm 
3 Mobility > 0.5 mm in buccal-lingual and mesial-distal directions 
4 Depressible 
Table 10. Plaque and calculus index 
Grade Clinical Impression 
0 No plaque can be scraped off. No calculus 
1 Plaque can be scraped off but is not or only slightly visible to the clinician 
2 Visible plaque on the tooth/implant and gingival margin; but plaque is not a 
heavy accumulation 
3 Heavy accumulation of plaque on the tooth/implant and gingival margin 
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stated that probing of the sulcus damages the seal which is forming between the gingiva and 
the implant, but the National Institute of Health (Schnitman and Shulman, 1980) feels that 
this measurement is absolutely necessary. Further, if the measurements are done, they should 
be taken from all four quadrants around the implant (Schnitman and Shulman, 1980). 
Because of our design with the shoulder portion extending over the bone/implant interface, 
probing sulcus depth actually only measures gingiva height and alveolar ridge height and not 
the targeted bone directly adjacent to the implant. To probe the sulcus, a calibrated dental 
probe was used to measure the control tooth and four locations around the implant: mesial, 
buccal, distal and lingual. 
The process to determine the gingival bleeding index started with visual inspection, then 
digital pressure was applied, followed by probing of the gingival sulcus. To determine the 
mobility indexes, a blunt instrument was placed against the implant which was then pushed 
in different directions. Depression and rotation was rated by applying finger pressure in 
different directions. 
Radiographic evaluations 
Radiographs were examined to observe bone response to the implants. Two evaluation 
methods were used. The first was to apply the numerical indexes shown in Table 11 to 
evaluate the bone resorption around the implants (McKinney et ai., 1982). The second 
method was to measure the alveolar ridge height adjacent to the implant. Because there was 
no specific radiographic set-up to reproduce radiographs at the same angle every time, the 
measurements had to be standardized. This process was done by measuring the total height 
of the implant, the height of the bone ridge directly adjacent to the implant on both the mesial 
and distal sides, taking the ratio of the two and multiplying by 100 to obtain a percentage. 
This percentage gives the relative vertical height of the alveolar ridge adjacent to the implant. 
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Table 11. Radiographic index 
Index Radiographic parameter 
0 No radiographic evidence of bone resorption around the implant 
1 Slight (less than 0.5 mm) resorption of alveolar bone around the implant 
2 Moderate (0.5 mm - 2 mm) resorption of alveolar bone around the implant 
3 Severe (more than 2 mm) resorption of alveolar bone around the implant 
4 Radicular radiolucency greater than 1.5 mm wide and along more than 1/3 of 
the root surface 
In order to assess a comparable change in alveolar ridge height, differences between 
consecutive readings were calculated to obtain a trend. 
Bone labeling 
Fluorescence labeling is a technique which marks the location and time of bone 
regeneration. The calcium-binding substances, fluorochromes, are preferentially taken up at 
the sites of active bone mineralization known as calcification fronts. The fluorochromes can 
be detected using fluorescence microscopy on undecalcified sections. Tetracyclines and dyes 
are two types of fluorochromes used to label bone. By using sequential fluorochromes with 
different excitation and emission wavelengths, clearly contrasting colors can give details of 
the calcification events. 
For this study four fluorochromes were administered before the animals were euthanized: 
demeclocycline, oxytetracycline, xylenol orange, and alizarin Red S. Alizarin red S (Sigma 
Chemical Co., St. Louis, MO) at 35 mg/kg was administered intravenously to only one dog 
as a 1 % aqueous solution. Harris et al. (1964) stated that acute toxic symptoms were rare at 
dose levels under 40 mg/kg, yet the dog (8730) in this study injected with a 35 mg/kg dose 
had nausea, vomiting, weakness, and muscular rigidity, which are the symptoms due to 
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toxicity from the alizarin red S. After 4 d, the dog's symptoms were not improving and the 
dog was, therefore, euthanized 4 d earlier than scheduled. Due to the adverse affects of this 
bone labeling substance, it is not recommended for further use. Demeclocycline (Lederle 
Laboratories, Pearl River, NY) was given at 300 mg every 8 h for 3 d to give a total dose of 
2700 mg. Oxytetracycline (Rugby Laboratories, Inc., Rockville Centre, NY) was given at 
250 mg every 8 h for 3 d to give a total dose of 2250 mg. Xylenol orange (Sigma Chemical 
Co., St. Louis, MO), a tetrasodium salt, was administered intravenously as a 3% aqueous 
solution at a dose of 90 mg/kg and a rate of 10 ml/min. Depending on the type of microscope 
filter used, these fluorochromes produce various colors. With a blue light filter, alizarin red S 
produces a red fluorescence, demeclocyline produces a green fluorescence, oxytetracycline a 
light yellow fluorescence, and xylenol orange an orange fluorescence. With a violet light 
filter, alizarin red S produces a red fluorescence, demeclocyline produces a gold yellow 
fluorescence, oxytetracycline a light yellow fluorescence, and xylenol orange an orange 
fluorescence. The dates of bone labeling for each time period varied and are shown in Figure 
12. After examining the histological sections, it was observed that a previous bone label was 
present, which was determined to be tetracycline administered for respiratory preventive care 
by the ISU Laboratory Animal Care Facility after acquisition of the dogs from the dog pound. 
The tetracycline powder (Fermenta Animal Health, Corp., Kansas City, KS) was 
administered through the dog's drinking water at liberty at about 600-1000 mg/dog/day. The 
dates for this bone label are listed in Appendix 2. 
Euthanasia 
The dogs were euthanized at the following times: one each at 20 d and at 30 d after 
implantation; and two each at 1 month, 3 months, 6 months and 12 months after gingiva cut­
back. The dogs were euthanized with a 1 ml/10 lb dose of Beuthanasia-D (Schering 
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Corporation, Kenilworth, NJ) special euthanasia solution. The mandibles of the dogs were 
sectioned into blocks containing an implant and fixed in 70% ethanol. Radiographs of the 
implant/tissue block were taken to obtain both lingual-buccal views and mesial-distal views. 
Histology 
After fixing the mandible sections for 2 d, the ethanol was replaced with fresh 70% 
ethanol, and the specimens were stored in 70 % ethanol for 12 to 18 months. The specimens 
were dehydrated through 90 %, 100 % (2 X) series of ethanol for at least 48 h at each grade. 
Then the specimens were immersed twice in acetone for at least 48 h because acetone is 
miscible with the Spurr's low viscosity embedding medium (Polysciences Inc., Warrington, 
PA) used for embedding. The Spurr's embedding medium was prepared by mixing the 
following components by weight: 
• 10.0 g vinylcyclohexene dioxide, 
• 6.0 g diglycidyl ether of polypropyleneglycol, 
• 26.0 g nonenyl succinic anhydride, and 
• 0.4 g dimethylamino ethanol. 
This composition of Spurr's mixture is known as Spurr's standard medium A. The 
dehydrated samples were first placed in 1/2 acetone, 1/2 Spurr's medium A under 27 mm Hg 
vacuum and rotated on a table shaker at 50 rpm for 2 d to slowly remove the acetone. After 2 
d, the mixture was replaced by 100 % Spurr's medium A. The samples were kept under 27 
mm Hg vacuum for 2 d and rotated on a table shaker at 50 rpm. The specimens in the resin 
were cured at 70°C for at least 24 h. After curing, the sections were trimmed using a hand 
saw to remove excess epoxy. 
Sections were cut to a thickness of 450 ± 160 |am using a Buehler Isomet Low Speed 
Saw, model 11-1180 (Buehler, Evanston, IL), with a 5 in. high-concentration watering blade. 
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Cutting fluid CO-102 (Mager Scientific Inc., Dexter, Ml) was used as a lubricant. After 
cutting, each sectioned wafer was thoroughly washed with mild detergent, rinsed with warm 
water, and allowed to dry at room temperature. Sections were numbered consecutively, 
wrapped in tissue paper and kept in the dark until mounting. 
Mounting of implant/tissue section 
The mounting procedure was been adapted Bloebaum et al. (1989) and suggestions from 
Ken Krizan (1992). Wafers were checked for any saw lip, which was removed with a razor 
blade. The maximum implant area was designated the upper face of the wafer. The wafer 
side to be glued down was ground in a figure eight motion using the following repetitions 
and series of grinding papers: 25 times with 600 grit, rotate wafer 180°, 25 times with 600 
grit, 25 times with 1200 grit, rotate wafer 180°, and 25 times with 1200 grit. Distilled 
deionized water (DDW) was used as a lubricant for grinding. After each grit the wafer was 
thoroughly rinsed with DDW. The sections were blotted dry with a paper towel and 
weighted down flat to dry. After drying, the wafers were measured as shown in Figure 13. 
The wafers were glued onto flexible Lexan® (General Electric, Mount Vernon, IN) 
acrylic plastic, which was cut into 2 in. by 3 in. pieces. The measured thickness of the plastic 
slides was 1.006 ± 0.02 nm. To prepare the plastic slides for mounting, a razor blade was 
first used to cut any plastic lip from the slide. The slides were marked with an engraver, and 
the slide 
thickness was measured at 5 points approximately where the wafer was to be glued. Then the 
slide was cleaned with 70 % alcohol, rinsed in hot water and dried. 
The dried wafer was then glued onto the plastic slide. To do this, paper pieces with a 
thickness of about 400 |im were stacked on the plastic slide adjacent to the position where the 
wafer was glued. A couple of drops of Duro® superglue (Loctite Corp., Cleveland, OH) 
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Figure 13. Tissue/implant section showing points of measurement 
were placed on the plastic slide. The wafer was oriented and rolled down on the glue. 
Cellophane was placed on top, and a couple of pieces of paper towel for cushioning were 
placed on either side of the plastic slide. This layer was sandwiched between pieces of 
cardboard. This was repeated for no more than 3 slides at a time. The slide assembly was 
placed between cardboard and metal plates lined with cork. The whole assembly was put in a 
vice, which was used to press together the entire stack. The set up was allowed to stand for 
at least 24 hr at an angle. The slides were then removed, and any glue on the back of the 
plastic slide was removed. The paper pieces were removed, and the thickness of the plastic. 
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wafer and cellophane were measured. Altogether, measurements of the wafer itself, the 
plastic slide itself and the finished slide with cellophane were taken. The cellophane had an 
average thickness of 12 ^m. From these measurements the glue thickness was calculated, 
and a total assembly thickness for a 25 urn wafer was determined. 
Grinding and polishing sections 
The wafers glued onto the plastic slides were polished at low speed on a mineralogy 
polishing wheel. Water was used as a lubricant for the polishing. The slides were first 
ground using 400 grit silicon carbide paper to remove the cellophane and glue and to obtain a 
wafer thickness of 100-150 ^m. Then 600 grit paper was used to reduce the wafer thickness 
to about 25-30 pm. To polish the slides and remove any scratches, 1200 grit paper was first 
used to remove all rough scratches. A microscope was used to inspect the wafer. Finally, an 
aqueous suspension of 0.3 pm alumina micropolish (Buehler, Evanston, IL) on a nylon 
polishing cloth was used to polish the surface and remove any finer scratches. 
Microradiography 
The center section of each implant, which had been cut from the embedded tissue block 
as described above, was used for microradiography. The sections with a thickness of 450 ± 
160 pm were microradiographed using a Faxitron X-ray Inspection System (Field Emission 
Corp., McMinnville, OR) using 2.0 mA and 68 kV for 20 s. The sections were placed 12 in. 
from the target on a film cartridge containing Kodak electron microscope film (4489, Estar 
thick base). The film was developed in a DENT X 9000 developing machine. The 
microradiographs were evaluated with regard to bone structure. Also the lingual and buccal 
alveolar bone ridge height along the implant and the length of the implant below the shoulder 
were measured as indicated in Figure 14. The percent vertical bone height along the implant 
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Figure 14. Diagram showing alveolar ridge measurements made adjacent to implant 
sides was calculated for each section as follows: 
% V B H = Lb / Ls X 100 
where V B H = vertical bone height, in percent 
Ly = length of alveolar bone, and 
Lg = length of implant shaft. 
The data were grouped into lingual and buccal values to determine if more bone resorption 
occurred on one side or the other. Furthermore, the data were grouped into the various 
treatment groups, such as implant shoulder surface, implant shoulder height and length of 
implantation. The means and standard deviations for each treatment group were calculated. 
To compare the various groups, if the means for a group were more than two standard 
deviations (plus and minus) different from the means for another group, they were considered 
to be statistically different. The two standard deviations give a 95.5% confidence interval. 
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Fluorescence microscopy 
The polished tissue/implant sections with a thickness of approximately 25 |j.m were used 
for fluorescence evaluation. As stated earlier, biological dyes were administered to the 
animals in vivo at the time periods shown in Figure 12. The tissue/implant sections were 
examined in reflected light on an Olympus AH-2 microscope (Olympus Corp., Lake Success, 
NY) with fluorescence optics. Both blue and violet filters were used. The violet filter has an 
excitation light wavelength of 395 - 415 nm and an observation light of 455 nm. The blue 
filter has an excitation light wavelength of 380 - 490 nm and an observation light of 515 nm. 
Light microscopv 
To stain the polished tissue/implant sections. Paragon stain was used to differentiate the 
general morphology of the mandibular tissues. This stain consists of 0.365 g toluidine blue O 
(Fisher Scientific, Fair Lawn, NJ), 0.135 g basic fuchsin (Fisher Scientific, Fair Lawn, NJ) 
and 50 ml of 30% ethanol. The slides were stained according to the following schedule: 
• preheated in 50°C distilled, deionized water (DDW) for 6-10 min, 
• placed in Paragon stain at 50°C for 3-10 min, 
• rinsed in DDW at 22°C for 5 sec, 
• rinsed in 1% acetic acid alcohol at 22°C for 15 sec, and 
• rinsed in 99% ethanol at 22°C for 10 sec. 
The slides were then allowed to dry at room temperature. 
To evaluate the slides, several approaches were used. A general qualitative analysis of 
each slide was made. For soft tissue evaluation, the depth and width of inflamed areas of the 
epithelium were measured along with those from the respective control teeth for each dog. 
Also, the orientation of the connective tissue fibers was noted. To measure tissue contact. 
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histomorphometric measurements using image analysis were made using stained sections 
which were located close to the center of the implant. 
To obtain histomorphometric measurements, images of the implant slides were acquired 
by the ISU Image Analysis Facility using a Zeiss SEM-IPS image analysis system (Zeiss-
Kontron; IBAS version 2.00). The ground and polished sections were viewed with a Zeiss 
Axiophot photomicroscope at 6.25x magnification (2.5x objective by 2.5x optivar). Images 
were captured from the slides with a Sony 3 CCD color video camera. The internal scaling 
feature of the image analysis software was calibrated to measure in mm. 
After an image of the section was captured and normalized, linear measurements of the 
tissues in contact with the implant surface were made around the implant. The tissue on the 
sides, in the grooves and along the bottom of the implant was evaluated and categorized into 
these three tissue types: bone, marrow, and fibrous connective tissue. To determine the start 
of the measurements, a line perpendicular to the implant surface was drawn from the coronal 
crest of the alveolar ridge to the implant. The operator drew along the edge of the implant 
and interactively selected areas of fibrous tissue/implant contact as well as areas of 
marrow/implant contact. Total length of the implant perimeter, total length of fibrous 
connective tissue/implant contact, and the total length of marrow/implant contact were 
measured for each implant slide. The area of length not selected was bone/implant contact. 
To minimize bias, all measurements were made by one trained observer who was unaware of 
the experimental design. To determine the margin of error for this method, measurement on 
a randomly chosen section was repeated. 
For each section the percentage of tissue type, bone, marrow or fibrous connective tissue 
was calculated. The data were grouped into the various treatment groups, such as implant 
shoulder surface, implant shoulder height and length of implantation. The means and 
standard deviations for each treatment group were calculated. To compare the various 
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groups, if the means for a group were more than two standard deviations (plus and minus) 
different from the means for another group, they were considered to be statistically different. 
The two standard deviations give a 95.5% confidence interval. 
In vitro Experiments 
Rat gingival fibroblasts and epithelial cells were utilized as a cell model to investigate 
the effects of surface and material variations on soft tissue response. After isolating the cells, 
only certain passages were used for the cell attachment assays. Cell attachment assays were 
executed to investigate short term in vitro biological response. Specimens were also prepared 
for scanning electron microscopy to examine cellular morphology. 
Isolation of cells 
The following procedure describes the isolation of gingival epithelial cells and fibroblasts 
from 3-days old Sprague-Dawley rat pups (Zaharias, 1993). The pups were gassed with CO] 
for 20 min to euthanize and then rinsed in distilled water. The skin at the nape of the neck 
was raised and cut, the skin was cut and freed anteriorly on each side of the head below the 
eyes, deflecting the skin forward and removing it. The spinal cord was severed just below 
the head to assure death of the rat. 
To isolate the tissue, the ventral surface of the mandible was exposed and grasped with 
forceps to allow a cut from the angle of the jaw posteriorly to expose the palate. Then a cut 
was made across the maxilla, posterior to the hard palate, and the maxilla was placed in a 
petri dish of phosphate buffered saline (PBS) with 0.1 % glucose. Under a dissecting scope, 
a #15 scalpel blade was used to cut the tissue on all sides of the alveolar ridge. (The labial 
margin is at a sharp angle and is therefore easy to distinguish. The lingual margin is less 
definite, but should not go past the beginning of the rugae of the palate.) Curved forceps 
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were used to lift the freed cap of tissue from the alveolar ridge. The alveolar ridge tissue was 
from all arches. 
To separate the tissue, each cap of tissue was first checked under the microscope at higher 
magnification. Any extraneous tissue, such as bone from the alveolar ridge, was removed, as 
well as any tissue which extended beyond the cap, which was easily seen by looking on the 
underside of the surface. The "cleaned" tissue pieces were now placed in several changes of 
PBS with 2 X gentamycin and fungizone (0.4 ml gentamycin and 4.0 ml fungizone per 200 
ml PBS) before putting them in approximately 7 ml of 3 mM ethylene diamine tetraacetic 
acid (EDTA) in Tyrodes Balanced Salt solution at 37°C for 2 h. The tissue was transferred to 
a petri dish with the EDTA solution. Under the microscope, the epithelial layer was 
separated from the underlying connective tissue. These were placed appropriately in either 
Dulbecco's Modified Essential Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) (Gibco Laboratories, Grand Island, NY) for fibroblasts or FAD (F-12 Ham Nutrient 
Mixture and DMEM) supplemented with 10 % fetal serum for epithelial cells for about 10 
min, then rinsed in saline G Ca and Mg free (CMF). 
To dissociate the cells, the tissue pieces were put into tubes with 2 ml of enzyme, either 
0.25% trypsin with 0.1% glucose or Dispase Grade 1 (Boehringer Mannheim Corp, 
Indianapolis, IN); (1 unit/ml). The tubes were refrigerated at 4°C overnight (about 17-20 h). 
The tubes of enzyme with the tissue pieces were then put into a 37°C water bath for 20 min, 
vortexing every five min. To check for the dissociation of the cells, the enzyme solution was 
poured into a 35 mm petri dish, pipetted with a Pasteur pipette and checked under the 
microscope. Each tube was further pipetted to break up the tissue and release cells. The 
suspension was pipetted into a centrifuge tube with 4 ml of medium. The solution was 
centrifuged at 1000 rpm for 4-5 min. The supernatant was aspirated leaving a cell pellet 
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which was resuspended in medium from the appropriate well in a 6-well plate. The 
suspension was pipetted back into the well. The medium was changed after 24 h. 
Preparation of discs for cell attachment 
All ceramic discs were sterilized for 20 min using short wave ultraviolet light 
(wavelength = 254 nm, 300 jaw/cm^). To prepare the ceramic discs for the cell attachment 
assays, tygon tubing (Fisher Scientific, Itasca, IL) was used as a jacket around the discs to 
contain the cell suspension on the treated top surface of the disc. Pieces of tygon tubing with 
an inner diameter of 1.27 cm were cut to a height of about 2 cm. The tubing pieces were 
washed for 5 min in RBS 35 (Pierce, Rockford, IL) cleaning solution diluted 1:50 to remove 
any processing residues. Following washing in tap water for 20 min, the tygon tubing was 
treated for 2 min with the organosilicate agent Prosil 28 (PGR Inc., Gainesville, IL) diluted 
1:100 to prevent cells from attaching to the tygon tubing during the assay procedure. Then 
the tygon tubing was rinsed in distilled water for 30 min and allowed to air dry overnight. 
Prior to the assay, the discs were pressed into one end of the tygon tubing. That end of the 
assembly was dipped into melted paraffin wax to seal it and then allowed to cool. 
Cell attachment assay procedure 
All culture media and solutions were used in sterile fashion, and all of the tissue culture 
procedures were completed in a laminar flow hood under sterile conditions. The fibroblast 
cultures were maintained in DMEM supplemented with 10 % FBS in a 5 % GO2 atmosphere 
at 37°G. The epithelial cell cultures were maintained in FAD supplemented with 10 % FBS 
in a 5 % GO2 atmosphere at 37°G. Gells were retrieved from culture plates when confluent. 
For both cell types, only cells between passages 15 and 18 were used to assure consistent cell 
characteristics. To retrieve the cells by enzymatic dissociation, first the old media was 
aspirated and 10 ml of saline G CMF was added to the flask to wash all the serum from the 
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cells. After moving the saline G around in the flask, it was aspirated. Then 2 ml of 0.25% 
trypsin-0.1% EOT A enzyme was added, and the flask was placed on a hot plate at 38°C for 
3-7 min to encourage the cells to slough off the flask. The cell suspension was pipetted 
against the back of the flask to break up any cell clusters and then added to 4 ml of FAD 
media. One hundred pi of the single-cell suspension were added to 9.9 ml of physiological 
saline in a Coulter Counter (Coulter Electronics, Hialeah, Florida) cup in duplicate. Single 
cell suspension reference counts were quantified on the Coulter Counter and averaged. The 
average was multiplied by a dilution factor of 200 to give cells/ml. The following equation 
was used to determine the volume needed to obtain the final suspension volume: 
C i V i = C 2 V 2  
where C% = original concentration of cells/ml 
V \ = volume of original suspension 
C2 = final desired cell concentration in cells/ml 
V2 = final suspension volume 
For this experiment C2 was 100,000 cells/ml. One half ml of cells (5 x 10^) was placed on 
the prepared ceramic surfaces and the tissue culture plates. Halfway between pipetting of the 
samples, 500 pi of the cell suspension was added to 9.5 ml of physiological saline for post-
dilution reference counts. The surfaces were incubated at 37°C with the cells for a certain 
amount of time. For each treatment, 3 experiments (n > 4) using cells from different flasks 
were used. Standard 24-well tissue culture plates (Corning Glass Works, Corning, NY) were 
used as a control substrate for cell attachment. The tissue culture plates were treated by the 
manufacturer with either acid or glow discharge procedures to provide a consistent surface 
for cell attachment and growth. 
To obtain a general attachment trend, tissue culture plastic (n >21) and polished OC (n > 
11) were used as controls. For fibroblasts, the incubation times were 15, 30, 60, 120 and 180 
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min, whereas the epithelial cells were incubated for 1/2, 1,2,3, 6, 12 and 24 h. Preliminary 
results showed maximum attachment to occur at approximately these times. At the given 
time periods, the media containing unattached cells was carefully pipetted from the surface. 
The surface was then washed twice with physiological saline to remove any loosely attached 
cells. The number of unattached cells was quantified using a Coulter Counter, and the 
percentage of attached cells was calculated by subtraction from the original known cell 
population (Keller et al, 1990; Keller et al. 1989; Swart et al., 1992). The means and the 
standard deviations of the percent cell attachment were calculated for both plastic and smooth 
OC for each time period. 
After determining the general trend in attachment for both cell types, a 3 h incubation 
time was selected for comparing several surfaces and materials. The surfaces were: tissue 
culture plastic (plastic), rough OC, irregular OC, smooth OC, SP and TCP. For each surface, 
3 experiments (n > 4) using cells from different flasks were used. During the cell counting 
process, it was observed that dissolved ceramic particles might have been counted as cells. 
To check for this possibility, discs were incubated with medium only for 3 h using the same 
procedure as above. The particle count from the medium on the plastic was used as a blank. 
The media from the ceramics was retrieved and counted as described above. 
The means and standard deviations of the percent cell attachment were calculated for 
each surface treatment at the 3 h time period. Analysis of variance with randomized block 
design was used to test whether or not there were differences among the different treatments. 
If the tests of hypothesis showed a difference, then Duncan's multiple range test was used to 
determine significant differences in attachment among the treatments. The residual values 
were calculated and plotted to determine if there were any outlying values and whether the 
residual values had a normal distribution. The influence of any outliers was tested. 
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To study the cell morphology, arbitrarily selected specimens from each of the treatments 
were fixed in 3 % glutaraldehyde/formaldehyde (1:1) for 10 min. The specimens were then 
placed in 0.2 M cacodylate buffer for 20 min and stored in fresh 0.2 M cacodylate buffer 
overnight. The specimens were dehydrated in an ascending series of acetone or ethanol to 
100 %. The specimens were either critically point dried or dried using hexamethyldisilazane 
(HMDS, Electron Microscopy Sciences, Fort Washington, PA). To dry using HMDS, the 
specimens were first placed in 50:50 HMDS/acetone for 30 min, then in 100 % HMDS 
overnight, then in fresh HMDS for 24-48 h, and finally air dried in a petri dish overnight. To 
test the effect of processing, micrographs of specimens exposed to medium and air dried, 
exposed to medium and cells and air dried, and exposed to medium and cells and completely 
processed with previously described SEM methods, were taken to compare with micrographs 
taken prior to the assay procedure. These evaluations were undertaken because Kieswetter et 
al. (1992) also have recently reported that histological processing can change the morphology 
and composition of calcium phosphates. Dried specimens were coated using a Polaron E 
5100 sputter coater (Instruments Inc., San Carlos, CA) with a 60:40 platinum-palladium 
target for 4 min and then examined on a JSM 35 scanning electron microscope (JEOL, 
Peabody, MA) at 15 kV. 
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RESULTS AND DISCUSSION 
The methods used to treat the OC surfaces were successful in creating the three OC 
surface structures. Numerous techniques were used to evaluate the chemistry and 
morphology of the materials, the results of which are reported below. 
Materials Analysis 
Scanning electron microscopy and image analysis 
To show the original surface structure of all ceramics, micrographs of each treatment are 
shown in Figure 15. The rough OC surface (Fig. 15 A) was covered with micro- and 
macropores. The irregular OC surface (Fig. 15 B) had a melted-over appearance with surface 
undulations and some small pores. The smooth OC surface (Fig. 15 C) was leveled and had 
evenly distributed micropores. The TCP (Fig. 15 D) surface was leveled with micropores, 
and the SP surface (Fig. 15 E) was flat and had smaller micropores. 
The image analysis results in my Masters of Science thesis were as follows 
(Niederauer, 1990). For the smooth OC, 7.34 % of the surface area was covered by pores. 
The average Waddel diameter was 1.79 |im with 47 % of the pores falling into the 1.5 to 2.5 
pm range. For the irregular OC, only 0.69 % of the surface area was covered by pores. The 
average Waddel diameter was 2.35 |am with 51 % of the pores falling into the 2.0 to 3.0 pm 
range. For the rough OC, both macropores and micropores were observed. The macropores 
ranged from 8.0 to 17.5 pm in diameter with an average of 13.8 pm. The micropores ranged 
from 1.0 to 2.5 pm, with an average Waddel diameter of 2.01 pm. Both the micropores and 
macropores covered about 14.1 % of the surface area. 
Figure 15. Scanning electron micrographs of the ceramic surfaces. 1000 X. no 
tilt; A) rough OC, B) irregular OC, C) smooth OC, D) TCP, E) SP 
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Energy dispersive analysis 
The X-ray elemental spectrum for the OC seen in Figure 16 shows oxygen, magnesium, 
aluminum, phosphate and calcium present as expected. The element distribution for each of 
the three OC surfaces, rough, irregular, and smooth, was dot mapped and each is shown in 
Figure 17. The dot map of the rough OC surface (Fig. 17 A) indicated more SP on the 
surface because the etching removes some of the soluble TCP phase. However, sufficient 
TCP remained in the deeper pores of the material to control implant tissue response. For the 
irregular OC surface (Fig. 17 B), the mapping showed more Ca and P present on the surface 
than Mg and AI. This is due to the lower melting point of the TCP. For the smooth OC 
surface (Fig. 17 C), the mapping showed two continuous evenly distributed phases of TCP 
and SP. Even though EDS analysis on pure SP and pure TCP was not run, the elements in 
the pure SP would be Mg and A1 and in the pure TCP Ca and P. 
These results confirm that preparation techniques have been successfully developed to 
obtain three uniquely different surface topographies, smooth, irregular and rough, but with 
the same chemical constituents. The EDS analysis demonstrated that etching and polishing 
the OC slightly changes the surface chemical composition to more Mg/Al rich and Ca/P rich, 
respectively. Overall, however, all OC materials have a significant reservoir of Ca and P to 
retain their bioactive properties as seen from the EDS results. 
Surface pH 
To measure the surface pH, the visual color changes observed after the indicator dyes 
were placed on the discs gave the pH values shown in Table 12. These results show that the 
pH of the SP surface is in the range of 3.0 to 4.6, whereas the surface pH of the remaining 
materials is in the 6.0 to 6.8 range. The relevance of these results with regard to cell 
attachment observations is discussed later. 
Figure 16. Energy spectrum of the osteoceramic showing presence of Al, Ca, Mg, O and P 
Figure 17. Elemental distributions of Al, Ca, Mg and P on the osteoceramic surfaces using EDA: A) rough OC, 
B) irregular OC, C) smooth OC 
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Table 12. Surface pH ranges as measured by indicator dyes 
Treatment Surface pH 
Rough OC 6.0 - 6.8 
Irregular OC 6.0 - 6.8 
Smooth OC 6.0 - 6.8 
TCP 6.0 - 6.8 
SP 3.0-4.6 
Contact angle 
The contact angle measurements for the different treatments are shown in Table 13. The 
vertical bars on the right side of the table connect means which are not significantly different 
The contact angle of the etched OC (35.0 ± 5.61) was significantly lower than that of the 
remaining treatments. This can be attributed to the higher surface porosity of this treatment. 
Since the contact angle measurements were done on a macroscopic level, the rough OC 
surface may actually have a higher contact angle when examined microscopically. The 
contact angles of the remaining ceramics were in the range of 64.0 to 86.3 degrees, with the 
Table 13. Surface contact angles of water on ceramic materials 
Contact Angle (degrees) 
Treatment Samples Mean Std. Dev. 
(Smooth) SP 6 86.3 1.98 J 
(Smooth) TCP 6 76.8 10.08 I I 
Smooth OC 6 72.6 6.50 I 
Irregular OC 6 64.0 5.70 
Rough OC 6 35.0 5.61 
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smooth surfaces (SP, TCP, and OC) having the highest contact angles. The contact angle for 
the irregular OC (64.0 ± 5.7 degrees) is similar to the reported contact angle of 62.3 degrees 
for tissue culture plastic (Swart et al., 1992). 
Dissolution experiments 
The physical data for the twenty dissolution discs, which were weighed and measured, is 
shown in Table 14. The surface area was calculated from geometric configurations. 
Dissolution discs weighed before and after the dissolution experiment showed no measurable 
weight loss. 
The pH of the buffered saline solution in each vial was measured over 21 d for two 
treatments: (1) vials containing saline and as fired OC discs, and (2) vials with saline only 
(control). The pH values were plotted versus time and are shown in Figure 18. The plot 
shows that the pH of the saline with OC increased to a pH of about 7.9 and then flattened 
around 7.8. On the other hand, the saline dropped in pH and flattened at a pH of about 6.6. 
The starting pH of both was approximately 7.3. The pH change for the saline with 
osteoceramic is signficant; however, the pH change for saline alone is not due to the large 
variance. Klein et al. (1990) also measured the pH of various buffers with different calcium 
phosphate particles and stated that the pH stability of lactate buffer and aqua destillata is very 
Table 14. Physical measurements of dissolution discs 
weight 
(g) 
height 
(mm) 
diameter 
(mm) 
volume 
(cm^) 
bulk density 
(g/cm3) 
surface area 
(cm2) 
mean^ 0.441 2.463 8.748 0.148 2.988 1.880 
standard 0.009 0.074 0.099 0.004 0.097 0.027 
deviation 
an=20 
pH Change for TRIS-HCI buffered Saline 
saline alone and saline with osteoceramic 
8.2 
8.0 
7.8 
7.6 
7.4 
saline 
saline with OC 7.2 
7.0 
6.8 
# 
6.6 
6.4 
6.2 I • I I I I I I 1 I ! I ! I I I I • I 
0 2 4 6 8 10 12 14 16 18 20 22 
Time, days 
Figure 18. Plot of pH versus time for buffered saline alone and with osteoceramic discs 
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low, but that the other buffer solvents had stable pH values. Furthermore, the release of Ca 
and P ions may have a buffering effect on the saline making its pH more basic. 
The dissolution experiments measured the Ca and P concentrations over a period of 21 d 
for two treatments: (1) vials with saline and OC discs, and (2) vials with saline only 
(control). The difference between these two ion concentration measurements at each specific 
time was calculated, averaged and plotted versus time as shown in Figure 19. The plot shows 
a logarithmic dependence of change of ion concentration on time, with a correlation 
coefficient of 0.92 for Ca and 0.88 for P. At 21 d, the Ca concentration change was 15.96 
mg/L or 398.1 fiM (ppm), whereas the P concentration change was 6.16 mg/L or 198.9 pM 
(ppm). Hyakuna et al. (1990) reported Ca and PO4 values about twice as high for TCP discs 
immersed in NaCl solution and further found that the surface reactions of the ceramics were 
greatly affected by the chemical compositions of the surrounding media. Klein et al. (1990) 
also tested the solubility of different calcium phosphate ceramic particles in various buffers 
and found that in general the solubility decreased in this order: tetracalcium phosphate > B-
TCP (whitlockite) > HA. Furthermore, they reported that the specific buffer is much more 
influential than the pH of the buffer solution or the materials tested (Klein et al., 1990). 
For the calcium concentration change, the slope of the line (Fig. 19) was determined to 
be: 
Y = 10.08 + 4.41 LOGX 
where Y is time in days and X is ion concentration change (mg/L). 
For the phosphorus concentration change, the slope of the line (Fig. 19) was determined to 
be: 
Y = 3.58+ 2.03 LOGX 
where Y is time in days and X is ion concentration change (mg/L). 
Ca and P Concentration Changes in TRIS-HCI buffered Saline 
osteoceramlc discs immersed for 2.4 hours to 21 days 
18 r 
1 6 -  *  t  
I" 14 -
2- I 
J I . I . I . I . I . I . I . I . I . I . I 
0  2  4  6  8  1 0 1 2 1 4 1 6 1 8  2 0  2 2  
Time, days 
Figure 19. Plot of ion concentration change versr ime i. r osteoceramic discs immersed in buffered saline 
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The control measurements for the ion concentrations showed a margin of error of less 
than 9.3 %. The Ca/P ratio average for 0.1,1,2, 5, 10, and 21 d was 3.33,2.03,2.00,2.21, 
1.92, and 2.00, respectively. These ratios are higher than values reported by Ducheyne et al. 
(1993) for calcium phosphate powders immersed in 0.05 mol/L TRIS buffer at 37° C for up 
to 3 d. This may be due to differences in material composition and experimental temperature. 
Using the final Ca concentration values of the treatment of OC discs in saline, the weight 
of Ca dissolved per surface area of disc was calculated to be 0.78 g/m^. Taking into account 
the geometrical configurations of the discs, this calculates to be 460 ng of Ca dissolved off 
the top of the surface of the disc. Furthermore, the solubility product constant, Kgp for 
Ca3(P04)2 from these experiments was calculated from the final ion concentration 
measurements and found to be 2.5 x 10 or -log Ksp of 17.6. This value is very similar to 
reports by Heughebaert and Bonel (1986) for TCP at a pH of 7.3. They further reported that 
the presence of Mg ions leads to the formation of a Mg containing TCP which is more 
insoluble than TCP. 
The scanning electron microscopy examinations showed degradation of the surface of the 
OC dissolution discs. After 1 day exposure to the TRIS-HCl buffered saline, the OC disc 
surface appeared pitted especially in the TCP rich areas. After 2 d exposure to the buffered 
saline, the TCP had disappeared in spots, leaving behind more of the insoluble SP. At 5 d, 
the surface layer of TCP had dissolved even more. After 10-21 d, crystals had formed and 
more bare SP areas were evident on the surface. 
In Vivo Observations 
Details regarding the observations made during the implantations and clinical 
examinations have been reported in the Masters of Science thesis (Niederauer, 1990). In 
general, the design of the implant worked well in controlling depth of placement and in 
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placing the different OC shoulder surfaces adjacent to the gingiva. The implant dimensions 
were adequate for all the dogs. With regard to implant design, a 2 mm shoulder height was 
the most successful for the experimental procedure of keeping the implant covered during 
initial healing and then cutting the gingiva back to expose the shoulder of the implant. All of 
the OC implants were retained during the entire evaluation periods. Altogether 4 implants 
fractured and the top portion broke off, two between 6 and 9 months (8725 RB, 8734 RB) 
and two between 9 and 12 months (8725 LF, 8734 LF). Even though a large force was 
needed to fracture the implant, the tight bond between bone and ceramic kept the bottom 
portion of the tooth root implant in place. One implant (8736 LB) had a circumferential 
crack of the ceramic implant which was evident from the radiographs immediately after 
implantation. This was probably caused by material preparation factors prior to the 
implantation rather than in vivo factors. 
The clinical examinations evaluated bleeding index, mobility index, plaque/calculus 
index and sulcus depth. For all these indexes, no statistical differences were found between 
the smooth and rough surface samples and the irregular control samples. Because the three 
surfaces showed no differences in their clinical response for the indexes used, all the OC 
results were averaged together for each index parameter and evaluation period and compared 
to the control teeth (Niederauer, 1990). 
Standards set by Koth et al. (1985) were used to evaluate the general performance of the 
OC as a clinically successful endosteal implant. The mobility index was 0 for all 
observations times except for 2 weeks where a value of 0.06 was found, making this index 
acceptable. For plaque/calculus at 4 months, values of 1.78 ± 0.60 for the OC and 1.29 ± 
0.51 for the control teeth were found. The difference between these is within the accepted 
standard. It should be noted that for our research, no dental care was given, possibly making 
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the plaque/calculus value much higher. For the sulcus depth measurement, no direct 
comparison between the OC and the control could be made due to the design of the shoulder. 
The radiographic index for the two OC surfaces showed no statistical difference from the 
control (irregular OC) surface. The mean for the OC radiographic index remained within 0.5 
and 0.88 for all evaluation periods showing that there was none to slight resorption of the 
alveolar bone around the implant. Many dogs showed a general decrease in the alveolar 
ridge height in the 2nd, 3rd, or 4th premolar regions. Since the implants were not put in 
function, the alveolar bone loss can be due to lack of stimulation of the bone. This is 
supported by the fact that the ridge receded in the whole 2nd, 3rd, and 4th premolar region 
and not only adjacent to the implant. The classic failure response to dental implants shows 
resorption of bone surrounding the implants, but with most implants the bone maintained 
intimate contact with the implant. Studies have shown that edentulous mandibles in human 
lose an average of 1.6 mm of vertical alveolar bone height over a five-year period (Winter et 
al., 1974). Furthermore in humans, Adell et al. (1981) have reported a loss in the marginal 
alveolar bone height of 1.2 mm around titanium implants in the first year, followed by a 
yearly decrease of 0.1 mm. 
Histological Evaluations 
Results from the microradiography, fluorescence microscopy and light microscopy will 
be reported first, followed by a general discussion of the histological results. 
Microradiographv 
The microradiographs were evaluated qualitatively by assessing bone structure and 
mineral density surrounding the implants. Detailed descriptions of each microradiograph are 
given in Appendix 3. Abbreviated summaries are given below and are organized according 
to the length of implantation. 
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For short-term response, at 20 d in situ (dog 8736), the hairline gap along the implant 
sides was partially filled with trabecular woven bone. Grooves had filled with spongy bone 
(Figure 20 A). Some implants showed bone deposition and filling in around the lower 
portion of the implant. At 33 d in situ (dog 8724), part of the surgically created gap was still 
noticeable, but the grooves were filling in. Parts of the surrounding bone had a spongy 
trabecular structure leaving some radiolucent spaces (Figure 20 B). A thin layer of bone was 
seen adjacent to parts of the bottoms of all implants. 
For long-term response at 1-month-post cut-back, dog 8733 showed some v-shaped 
resorption of the ridge adjacent to the implant. The alveolar ridge had resorbed more on the 
buccal side than the lingual side. The sides of the implant showed bridging of the bone to 
directly contact the implant, but areas remained where there were gaps in direct bone contact 
(Figure 20 C). All of the implants were significantly placed off the neutral axis causing more 
stress on the buccal side than lingual side. Some implants showed deposition of bone along 
the bottom. Dog 8739, also at 1 month, showed ridge resorption for part of the implants. 
The bone along the implant sides formed intimate dense contact with bone bridging evident. 
One implant (LB) had severe bone resorption buccally with essentially no bone contact along 
the entire buccal side (Figure 20 D). All of the implants were placed off the neutral axis 
causing more stress on the buccal side than lingual side. Some grooves showed cavities 
present, and the bottom of some of the implants had bone forming. 
At 3 months post cut-back, dog 7934 generally had denser bone and a higher alveolar 
ridge on the lingual than buccal side. This may have been caused by some of the implants 
being placed off the neutral axis causing more stress on the buccal side than lingual side. 
Some gaps or discontinuities of the bone along the implant/bone interface were evident 
(Figure 20 E). Only part of the implants had bone formed along the bottom. One implant 
showed definite v-shaped resorption of the alveolar ridge. Dog 8730, also at 3 months. 
Figure 20. Microradiographs of osteoceramic implant sections, 2.5 X, BU=buccal, LI=lingual, R=right, L==left, 
F=front, B=back; A) 8736 RB at 20 d in situ, B) 8724 LF at 33 d in situ, C) 8733 LF at I month post 
cut-back, D) 8739 LB at 1 month post cut-back, E) 7934 RF at 3 months post cut-back, F) 8730 RB at 
3 months post cut-back, G) 8722 LB at 6 months post cut-back, H) 8732 LB at 6 months post cut-back, 
I) 8725 LB at 12 months post cut-back, J) 8734 RB at 12 months post cut-back 
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showed ridge resorption more severely on the buccal side than the lingual side (Figure 20 F). 
This may be due to at least one the implants being placed off the neutral axis causing more 
stress on the buccal side than lingual side. On all implants placed in this dog, the buccal 
alveolar ridge had resorbed to the level of the groove. Below the ridge there was generally 
good contact of bone with the implants, at times more trabecular and at times more dense. 
Several implants showed formation of a thin layer of bone along the bottom. 
At 6 months post cut-back, dog 8722 showed some resorption of the alveolar ridge in a 
level manner. Two of the implants were placed off the neutral axis. Generally, the bone had 
good intimate contact with the implants, but there were some areas where a more trabecular 
bone structure was present with bone bridging seen. Almost all of the implants exhibited 
gaps in the bone at the grooves ( Figure 20 G). The bottom of the implants had a slight 
amount of bone deposition. Dog 8732, also at 6 months, showed some resorption of the 
buccal alveolar ridge for two of the four implants, and lingual resorption for three of the four 
implants. Several implants had bone at the tip of the alveolar ridge growing towards the 
shoulder (Figure 20 H). Many large gaps in bone were evident around the implants. The 
bottom of the implants were located in more trabecular, spongy bone so that bone contact 
was not as high as along the upper portion of the implant sides. 
At 12 months post cut-back (dog 8725), all implants showed intimate bone contact with 
the implant. As already stated, two of the four implants had fractured. One of the remaining 
whole implants had level alveolar ridge resorption, whereas the other remaining implant 
showed bone upgrowth below the shoulder on both the lingual and buccal side (Figure 20 I). 
Along all the implants' sides, most grooves were filled in and all implants had a thin layer of 
bone at the entire implant bottom. Implant RB had fractured off between 6 and 9 months, 
and bone on the lingual alveolar ridge had started growing over the top of the implant. 
Implant LF had fractured off between 9 and 12 months, and the area above the lingual side 
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already showed significant bone deposition. Dog 8734, also at 12 months, had two of the 
four implants fracture off. The remaining whole implants all showed resorption of the 
alveolar ridge. All of the implants were significantly placed off the neutral axis contributing 
to the potential of implant fracture. For these implants, bone contact with the implant surface 
below the ridge was intimate, yet bone structure was somewhat trabecular with spaces 
present. Along the bottoms of all the implants, a thin layer of bone had formed. Implant RB, 
which had fractured off between 6 and 9 months, showed growth of a 1 mm thick layer of 
dense bone over the top of the implant. Dense bone was also present along the sides (Figure 
20 J). Implant LF, which had fractured off between 9 and 12 months, showed bone growing 
inward from the sides to cover the top of the implant. 
Measurements of the lingual and buccal alveolar ridge heights adjacent to the implant 
were used to calculate the percent vertical bone height adjacent to the implant. Table 15 
gives the values for vertical bone height for each implant. 
The means for the buccal, lingual, and average vertical bone height (VBH) for all non-
fractured implants were 70 ± 22 %, 83 ± 13 %, and 77 ± 16 %, respectively. The buccal 
VBH was much lower than the lingual VBH, but statistically not significantly different. This 
may be due to the angle of implant placement off the neutral axis or may be related to the 
buccal suture line placement during the implantation procedure. Grouping all implants 
together, the means for each of the three surface treatments, smooth, irregular and rough, 
were 80 ± 14 %, 84 ± 14 %, and 66 ±15 %. The VBH for the rough OC was much lower 
than the other two surfaces, but statistically not significantly different. Due to low sample 
numbers for the 2.6 mm and 4 mm implants and the difference in procedure (no gingival cut­
back for the 1 mm implants), only 2 and 3 mm shoulder treatments were compared. The 
means for 2 mm shoulders and 3 mm shoulders were 73 ± 15 % and 71 ± 16 %, respectively. 
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Table 15. Percent vertical bone height of implants. 
Dog Pos.^ Shoul. Shoul. Bone Height^ Implant Ratio B/Il Avg. 
Htb Surf.c Buccal Lingual Shafte Buccal Lingual Ratioë 
(mm) (mm) (mm) (mm) (%) (%) (%) 
7934 RF 2 SMh 6.70 4.90 6.90 97.10 71.01 84.06 
7934 RB 3 IRÎ 5.70 5.40 7.20 79.17 75.00 77.08 
7934 LF 3 RQ) 3.30 4.80 7.10 46.48 67.61 57.04 
7934 LE 3 SM 4.80 6.60 7.70 62.34 85.71 74.03 
8722 RF 3 RO 4.60 4.10 6.80 67.65 60.29 63.97 
8722 RB 3 SM 5.40 5.90 7.00 77.14 84.29 80.71 
8722 LF 3 RO 5.30 5.10 7.00 75.71 72.86 74.29 
8722 LB 3 IR 7.70 6.90 7.20 100.00 95.83 97.92 
8724 RF 1 IR 5.40 6.40 7.00 77.14 91.43 84.29 
8724 RB 1 IR 6.00 6.80 7.00 85.71 97.14 91.43 
8724 LF 1 IR 5.90 7.00 7.10 83.10 98.59 90.85 
8724 LB 1 IR 5.30 6.40 7.20 73.61 88.89 81.25 
8725 RF 2 IR 3.00 5.50 7.80 38.46 70.51 54.49 
8725 RB 4 IR 4.50 6.00 5.00 90.00 100.00 95.00 
8725 LF 2 IR 4.00 4.60 3.20 100.00 100.00 100.00 
8725 LB 3 IR 5.90 7.00 7.30 80.82 95.89 88.36 
8730 RF 2 RO 3.00 6.50 7.00 42.86 92.86 67.86 
8730 RB 3 IR 3.70 5.10 10.00 37.00 51.00 44.00 
8730 LF 2 SM 2.80 4.40 7.00 40.00 62.86 51.43 
8730 LB 2 RO 2.80 5.00 7.20 38.89 69.44 54.17 
8732 RF 1 IR 6.10 5.60 7.00 87.14 80.00 83.57 
8732 RB 2 IR 5.90 6.20 7.30 80.82 84.93 82.88 
8732 LF 2 IR 7.10 8.30 7.70 92.21 100.00 96.10 
8732 LB 2.6 IR 5.80 7.30 6.40 90.63 100.00 95.31 
8733 RF 2 RO 5.70 6.40 7.60 75.00 84.21 79.61 
8733 RB 3 SM 5.20 6.90 7.20 72.22 95.83 84.03 
8733 LF 2 IR 5.30 5.60 7.20 73.61 77.78 75.69 
8733 LB 3 RO 5.00 6.00 7.90 63.29 75.95 69.62 
8734 RF 2 IR 4.60 5.60 7.20 63.89 77.78 70.83 
8734 RB 2 SM 5.90 5.80 4.90 100.00 100.00 100.00 
8734 LF 2 SM 4.20 5.20 5.40 77.78 96.30 87.04 
8734 LB 2 RO 4.00 5.00 7.30 54.79 68.49 61.64 
8736 RF 1 IR 6.00 6.70 7.30 82.19 91.78 86.99 
8736 RB 1 IR 6.30 6.30 7.20 87.50 87.50 87.50 
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Table 15. (continued) 
Dog Pos.^ Shoul. Shoul. Bone Height"^ Implant Ratio B/n Avg. 
Htb Surf.c Buccal Lingual Shaft® Buccal Lingual Ratiog 
(mm) (mm) (mm) (mm) (%) (%) (%) 
8736 LF 1 IR 6.80 7.10 7.00 97.14 101.43 99.29 
8736 LB 1 IR 6.80 6.80 7.00 97.14 97.14 97.14 
8739 RF 2 RO 5.80 7.00 7.00 82.86 100.00 91.43 
8739 RB 3 SM 5.00 5.70 7.00 71.43 81.43 76.43 
8739 LF 3 IR 4.80 6.00 7.80 61.54 76.92 69.23 
8739 LB 3 RO 0.00 5.20 7.00 0.00 74.29 37.14 
^ Pos. = Position of the implant in the mandible (R=right, L=left, F=front, B=back). 
Shoul. Ht = height of implant shoulder, i.e. 1, 2, 3, or 4 mm. 
c Shoul. Surf. = surface of implant shoulder. 
Bone Height = height of alveolar bone adjacent to the implant as shown in Figure 14. 
® Implant Shaft = length of shaft of implant as shown in Figure 14. 
f Ratio B/1 = ratio of bone to implant in percent. 
g Avg. Ratio = average of buccal and lingual B/I ratio. 
h SM = smooth shoulder surface. 
i IR = irregular shoulder surface. 
j RO = rough shoulder surface. 
showing no statistically significant difference. The VBH data were grouped into time 
sequence and are plotted in Figure 21. The plot shows more decrease in VBH during the first 
150 d in situ, with a slight rise after that. Then the VBH leveled on the lingual sides, but 
decreased on the buccal sides. 
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Figure 21. Vertical bone height versus in situ time for osteoceramic implants 
Fluorescence microscopy 
The photomicrographs were evaluated qualitatively by assessing bone labels surrounding 
the implants. Detailed descriptions of each implant are given in Appendix 4. Abbreviated 
summaries are given below and are organized according to implantation time. 
For short-term, at 20 d in situ (dog 8736), a woven callus was starting to bridge the bone 
to the implant. Along the implant sides and bottom, bone was repairing and mineralizing. 
Grooves were being filled with bone in a woven type structure, and unmineralized cavities 
were mineralizing internally and externally. The surgically created gap along the implants 
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had filled with trabecular-like bone (Figure 22 A). Most implants had bone deposited on top 
of the alveolar ridge. 
At 33 d in situ (dog 8724), grooves showed intensive bone deposition. The 
unmineralized areas along the implant sides were filling with bone, and bone was bridging 
across to attach to the implant surface (Figure 22 B). Fibrous marrow cavities were forming 
bone on their exterior. Generally, bone mineralization was seen on top of the alveolar ridge. 
The bone appeared to be more compact than at 20 d in situ. 
For long-term at 1 month post cut-back, dog 8733 showed mineralization along the 
implant sides with bone actively depositing in the grooves. Unmineralized cavities 
surrounding the implant were filling with bone, and mineralization was evident on both 
external and some internal marrow surfaces. Some of the implants showed bone deposition 
on the alveolar ridge. Dog 8739 had bone remodeling occurring to fill injured areas with 
bone. Mineralization was evident close to the surface of the implant. The unmineralized/ 
fibrous areas were being filled externally with bone, especially along the implant interface 
(Figure 22 C). The fibrous layer lingually along implant LB showed slight bone deposition. 
At 3 months post cut-back (dog 7934), the bone surrounding the implant was 
mineralizing and unmineralized structures were filling with bone (Figure 22 D). The bottoms 
of all implants were showing bone deposition. Some sections showed bone depositing on the 
alveolar ridge, whereas others showed no or little deposition. Along the implants and in the 
grooves, trabecular and fibrous areas were being replaced by denser bone. Dog 8730 showed 
some fluorescence along the alveolar ridge. Surrounding the implant, marrow cavities were 
showing bone deposition and bridging. Remodeling was occurring to make the bone more 
compact. Along the bottoms of the implants, bone contact areas were further mineralizing. 
The deposition of bone on all implant bottoms was probably due to the stress stimulation 
from the implant above. 
Figure 22. Fluorescence photomicrographs of osteoceramic implant sections, 
R=right, L=left, F=front, B=back, IM=implant; A) 8736 LB at 20 d 
in situ, 125 X, remodeling osteon (OS), B) 8724 LF at 33 d in situ, 
50 X, area between arrows shows repair of osseous gap from 
surgery, C) 8739 LF at 1 month post cut-back, 125 X, D) 7934 RF at 
3 months post cut-back, 125 X, shows two bone labels, 
oxytetracycline (O) and xylenol orange (X) 
Z l l  
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At 6 months post cut-back, dog 8722 showed active bone remodeling throughout the 
alveolar bone. The alveolar ridge had little to no mineralization. The sides of the implant 
showed active deposition of bone in places with other areas showing only some 
mineralization (Figure 23 A and B). Some of the implants showed bone deposition occurring 
on the bottoms of the implants. Dog 8732 had several fibrous downgrowth/capsules adjacent 
to the implant probably due to the pilot surgery procedure. External to the fibrous areas, 
bone was mineralizing. Along the bone/implant interface bone was being deposited. Several 
implants had bone growing adjacent to the implant shoulder with active bone deposition 
visible. Bone was also being deposited along the bottoms of most implants. 
At 12 months post cut-back, dog 8725 had two of the four implants fracture off, but the 
remaining two implants were intact. For the whole implants, the alveolar ridge showed some 
mineralization at the top. Good bone remodeling was occurring along the entire sides of the 
implants, with some bone deposition directly adjacent to the implant surface. Along the 
lower part of the implant and the bottom, intimate bone contact was present, and marrow 
cavities showed significant bone deposition. Implant LB, showed the top of the lingual ridge 
growing to the shoulder (Figure 23 C). Bone adjacent to implant RB, fractured between 6 
and 9 months, was rapidly growing towards and over the implant. Implant LF, fractured 
between 9 and 12 months, showed the sides of the bone fluorescing, yet the area above the 
implant showed little fluorescence, probably due to recent fracture and fluorescence labels 
being administered prior to fracture. For dog 8734, two of the four implants had fractured 
off. Active remodeling was seen surrounding the whole implants. Marrow cavities adjacent 
to the grooves had significant external bone deposition (Figure 23 D). The grooves and the 
area below also showed bone growth. Along the bottom of all implants, a thin layer of bone 
between the implant surface and the marrow cavity had been laid down. Implant RB, 
fractured between 6 and 9 months, had active remodeling directly above the fractured implant 
Figure 23. Fluorescence photomicrographs of osteoceramic implant sections, 
R=right, L=left, F=front, B=back, IM=implant: A) 8722 LB at 6 
months post cut-back, 50 X, B) 8722 LB also, close-up of square 
shown in (A), 125 X, shows two bone labels, demeclocycline (D) 
and xylenol orange (X), C) 8725 LB at 12 months post cut-back, 
50 X, D) 8734 RF at 12 months post cut-back, 50 X, MC=marrow 
cavity 
r.SI 
su 
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with some bone deposition directly on the implant surface. Implant LF, fractured between 9 
and 12 months, showed new bone growing over the implant with some deposition directly on 
the surface. 
Light microscopy 
All implants were qualitatively examined by using light microscopy to evaluate tissue 
structure adjacent to and surrounding the implants. Detailed descriptions of each implant are 
given in Appendix 5. Abbreviated summaries are given below and are organized according 
to length of implantation. 
For short-term at 20 d in situ (dog 8736), the parallel oriented connective tissue covering 
the implants generally appeared healthy, with some inflammation above the top of the 
shoulder, as demonstrated by the presence of neutrophils and granulation tissue. Immature 
bone structure was starting to fill in the gaps adjacent to the sides of the implants created 
during the surgery. A loose, trabecular-like structure was being deposited to bridge the 
existing "old" bone to the implant (Figure 24 A). At the lower portion of the implants, a 
mixture of marrow and fibrous tissue was present. Grooves had mostly 
fibrous/unmineralized tissue present. 
At 30 d in situ (dog 8724), the shoulders of the implants were encased by a parallel 
oriented fibrous layer. Hemosiderin was found in the connective tissue above the implant. 
Inflammatory cells were present adjacent to the top surfaces of some of the implants. Implant 
LB had a large layer of inflamed tissue surrounding the entire shoulder, which may be due to 
loose debris visible below the tissue layer close to the implant. Multinucleated cells were 
present along the sides of the shoulder indicating foreign body response. Along implant 
sides, bone had started forming close contact with the surfaces. This was interspersed by 
unmineralized areas. Some grooves had partially filled with bone whereas others still had 
Figure 24. Light micrographs of osteoceramic implant sections, IM=implant. 
BO=bone, CT=connective tissue, ST=soft tissue: A) 8736 LF at 20 
d in situ, 160 X, along implant side filling in osseous gap from 
surgery located between arrows, B) 8724 LF at 33 d in situ, 160 X, 
at implant groove, showing osteoblasts (OB) lining marrow cavity 
(MC), C) 8733 RB at 1 month post cut-back, 160 X, soft tissue 
adjacent to implant shoulder, D) 8739 LB at 1 month post cut-back. 
32 X, buccal side with band of inflammation (INF) along entire side 
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fibrous/marrow tissue present (Figure 24 B). Most of the bottoms of the implants were 
adjacent to marrow/ unmineralized tissue with some showing the start of bone formation as 
demonstrated by the osteoblasts lining the unmineralized cavities. 
For long-term at 1 month post cut-back, dog 8733 showed a difference in tissue height for 
the 2 and 3 mm implants. For the 2 mm implants (RP and LF), soft tissue height for both 
buccal and lingual sides was close to the top of the shoulder, whereas with the 3 mm implants 
(RB and LB) the soft tissue receded further down. The shoulder surface also seemed to affect 
gingival attachment for this dog: for the rough surfaced implants (RF and LB), loose soft 
tissue attachment was observed and inflammation with neutrophils and plasma cells was 
present; for the smooth surfaced implant (RB), tissue had close contact with the implant 
surface with only slight inflammation present (Figure 24 C). Collagen fiber orientation 
varied from mostly parallel to some perpendicular. The bone surrounding the implant had 
several non-mineralized parts; some were lined with osteoblasts and appeared immature with 
a loose structure. Hemosiderin was seen among the marrow. For dog 8739, also at 1 month 
post cut-back, tissue height and contact was generally better on the lingual side than the 
buccal side. The structure of parts of the epithelium was keratinized. This appeared to make 
attachment better, since keratinized epithelium tends to be more tightly attached to the 
underlying connective tissue than nonkeratinized epithelium. Soft tissue inflammation and 
pockets of inflammation below the attached top surface of the soft tissue were present in all 
the implants. Inflammatory cells included neutrophils, multinucleated cells and plasma cells. 
The collagen fiber orientation varied between parallel and perpendicular, but most implants 
showed some fiber ingrowth into the surface of the ceramic. Generally, good bone contact 
existed with some fibrous areas present. Osteoblasts and osteocytes were observed directly 
adjacent to the implant surface. Marrow was present around the bottom of the implants, with 
some deposition by osteoblasts. Implant LB had severe inflammatory response including a 
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lot of neutrophils, some granulation tissue and plasma cells on the buccal side. There was 
essentially no bone contact along the entire buccal side and most of the bottom of the implant 
(Figure 24 D). 
At 3 months post cut-back (dog 7934), soft tissue height was generally higher on the 
lingual than buccal side, but inflammation seemed evident on both sides. Inflammatory cells 
included neutrophils, multinucleated cells, plasma cells and granulation tissue. Soft tissue 
contact varied from intimate to loose. Collagen fiber orientation varied from mostly parallel 
to partly angled at 45°, with no apparent difference between various treatments. All implants 
had neutrophils and plasma cells present in the surrounding connective tissue. The implants 
had hemosiderin present in the connective tissue above the buccal alveolar ridge. Areas of 
close bone contact with the implant surface existed where osteocytes were seen directly 
adjacent to the surface. Several unmineralized areas were also present along the sides of the 
implants; some of which had osteoblasts lining the cavity (Figure 25 A). For dog 8730 also 
at 3 months post cut-back, soft tissue heights on all implants were below the shoulder. 
Generally, soft tissue contact with the implant surface was loose with neutrophils present. 
Collagen fiber orientation was mostly parallel with fiber ingrov^h seen. The connective 
tissue had plasma cells present. One implant showed foreign body response as demonstrated 
by the presence of multinucleated cells and macrophages. The bone on all implants had 
receded to the level of the grooves, more severely on the buccal side. The alveolar ridges 
were generally scalloped indicating resorption. Bone contact was fairly intimate around the 
lower portions of the implants with some unmineralized tissue interspersed. 
At 6 months post cut-back (dog 8722), the soft tissue heights on almost all implants were 
to the top of the shoulder. Some of the implants had loose soft tissue contact and pockets of 
inflammation with neutrophils present. Collagen fibers were oriented mostly perpendicular 
with fiber ingrowth seen. The connective tissue also showed inflammatory response by the 
Figure 25. Light micrographs of osteoceramic implant sections, IM=implant. 
BO=bone, CT=connective tissue: A) 7934 RF at 3 months post cut­
back, 32 X, bone and connective tissue interface with the implant. 
B) 8732 LF at 6 months post cut-back, 17 X, fibrous (FB) pocket 
encased by bone C) 8725 RB at 12 months post cut-back, 128 X. 
new bone (NB) upgrowth below implant shoulder, D) 8734 RF at 12 
months post cut-back, 128 X, close bone contact in groove with 
osteocytes (OC) directly adjacent to implant surface 
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presence of plasma cells, and adjacent to two implants multinucleated cells were observed 
indicating more severe inflammation. Implant LB had a fibrous capsule along one side. 
Bone had close contact with the implant surface with some unmineralized areas present. 
Several implant grooves had unmineralized tissue present. Lining osteoblasts were observed 
there. Marrow was adjacent to the bottoms of the implants with some bone bridging from the 
marrow to the implant surface observed. For dog 8732 also at 6 months post cut-back, soft 
tissue had grown back over the 1 mm implant (RF) and one of the 2 mm implants (LF). This 
enclosed bacteria and debris caused infection. The inflammatory cells included neutrophils, 
multinucleated cells and granulation tissue. For the other two implants (2 mm and 2.6 mm), 
soft tissue was at the top of the shoulder and in the process of growing back over for the 2.6 
mm implant. Areas of inflammation were present there also. Collagen fiber orientation 
varied from parallel to perpendicular, and ingrowth of the fibers into the implant surface was 
seen. Several implants had a fibrous band or fibrous downgrov^hs present along almost the 
entire implant side (Figure 25 B), probably due to the pilot surgical procedure using an 
oversized drill bit. These fibrous cavities were lined with parallel oriented collagen fibers 
near the implant and marrow-like substance towards the external side. Bottoms of the 
implants were mostly adjacent to marrow. Otherwise, good bone contact existed with 
remodeling and deposition visible. 
At 12 months post cut-back (dog 8725), two of the four implants had fractured off. Soft 
tissue heights for the whole implants (RF and LB) were higher lingually than buccally. 
Tissue contact was partly loose and partly intimate. Significant inflammation (neutrophils, 
multinucleated cells, plasma cells) was present on most implants, except the lingual side of 
implant LB which had very little inflammation present. This implant had connective tissue 
support in close proximity to the surface. Collagen fiber orientation was mostly parallel with 
some perpendicular ingrowth observed. Implant LB also had bone to just below the shoulder 
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on the lingual side (Figure 25 C). For all implants, the implant surface had intimate bone 
contact with little unmineralized tissue present. The urmiineralized/marrow-like cavities had 
a lining of osteoblasts, and the bottoms of the implants had a layer of bone formed. Dog 
8734, also at 12 months post cut-back, had two of the four implants fracture. Soft tissue of 
the whole implants (RF and LB) had a lot of inflammation and loose or no contact with the 
implant surface. This may be due to significant accumulation of plaque on the OC observed 
here. The inflamed tissue included neutrophils, plasma cells and granulation tissue. 
Collagen fibers were oriented both parallel and perpendicular with some fiber ingrowth 
present. For all implants good bone contact existed with little unmineralized tissue present 
(Figure 25 D). Osteoblasts were seen in the marrow cavities. The fractured implants had 
bone forming above the fractures. The bottoms of the implants were located in marrow, but a 
layer of bone had formed between the marrow and the implant. 
Quantitative analysis of the soft tissue response to the implants was done by measuring 
the buccal and lingual depth and width of inflammation adjacent to the implants and to the 
control teeth. Table 16 gives the inflammation depth and width for each implant. Implants 
8725 LF, 8725 RB, 8734 LF, 8734 RB, 8732 RF and 8732 LF were not included in these 
measurements, since these implants had either fractured off or the gingiva had grown back 
over. Furthermore, no control was available for dog 8730 because at sacrifice molar teeth 
were not prepared for histology. 
The averages of buccal depth and width of inflammation for all OC implants in Table 16 
were 19 ± 16 mm and 5 ± 6 mm, respectively. The averages of lingual depth and width of 
inflammation were 17 ± 12 mm and 4 ± 3 mm, respectively. This gives overall averages of 
17 ± 11 mm deep and 4 ± 3 mm wide. For the controls, the averages of buccal depth and 
width of inflammation were 15 ± 7 mm and 2 ± 0.4 mm, respectively. The averages of 
lingual depth and width of inflammation were 10 ± 7 mm and 1.4+1 mm. This shows that 
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Table 16. Depth and width of inflammation for osteoceramic implants and control teeth 
Dog Pos^ Shoul. 
Htb 
Shoul. 
Surfc 
Buccal 
Depth 
Buccal 
Width 
Lingual 
Depth 
Lingual 
Width 
7934 RF 2 SM 9.2 5.0 10.1 1.2 
7934 RB 3 IR 17.4 2.7 5.5 2.7 
7934 LF 3 RO 15.6 5.5 34.8 14.6 
7934 LB 3 SM 18.3 4.6 12.8 3.7 
7934 Control 18.3 1.8 18.3 1.8 
8722 RF 3 RO 23.8 4.6 39.3 7.3 
8722 RB 3 SM 3.7 1.8 26.5 4.6 
8722 LF 3 RO 20.1 5.5 30.2 2.7 
8722 LB 3 IR 22.9 6.4 19.2 5.5 
8722 Control 15.6 1.8 5.5 2.7 
8725 RF 2 IR 32.0 5.5 30.2 6.4 
8725 LB 3 IR 18.3 5.5 0.0 0.0 
8725 Control 13.7 1.8 7.3 1.8 
8730 RF 2 RO 0.0 0.0 11.9 6.4 
8730 RB 3 IR 2.7 1.8 2.7 1.8 
8730 LF 2 SM 11.0 1.8 12.8 4.6 
8730 LF 2 RO 3.7 2.7 11.0 3.7 
8732 RB 2 IR 19.2 2.7 9.2 2.7 
8732 LB 2.6 IR 6.4 2.7 3.7 1.8 
8732 Control 6.4 1.8 15.6 1.8 
8733 RF 2 RO 29.3 3.7 23.8 3.7 
8733 RB 3 SM 18.3 3.7 4.6 1.8 
8733 LF 2 IR 18.3 3.7 1.8 0.9 
8733 LB 3 RO 18.3 4.6 16.5 3.7 
8733 Control 12.8 1.8 5.5 0.9 
8734 RF 2 IR 22.0 4.6 16.5 8.2 
8734 LB 2 RO 22.9 4.6 23.8 5.5 
8734 Control 27.5 0.9 17.4 0.9 
8739 RF 2 RO 23.8 5.5 22.0 3.7 
8739 RB 3 SM 21.0 5.5 36.6 5.5 
8739 LF 3 IR 21.0 33.9 5.5 5.5 
8739 LB 3 RO 85.1 4.6 34.8 7.3 
8739 Control 7.3 0.9 0.0 0.0 
^ Pos. = Position of the implant in the mandible (R=right, L=left, F=front, B=back). 
^ Shoul. Ht = height of implant shoulder, i.e. 1, 2, 3, or 4 mm. 
^ Shoul. Surf = surface of implant shoulder, SM = smooth,IR = irregular, RO = rough 
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for both the implant and the control teeth, the inflamed area was larger buccally than 
lingually, but this difference was not statistically significant. After grouping the implants 
into different shoulder surface treatments, it was found that the rough implants had a larger 
area of inflammation than the irregular or smooth implants, but again this difference was not 
statistically significant. Comparison of the implants with 2 and 3 mm shoulders showed 
slightly more inflammation for the 3 mm implants, but this was not of statistical significance. 
Inflammation values were not significantly different over the time. 
The measurements of the tissue types adjacent to the implant interface are shown in Table 
17. Implants in dogs 8724 and 8736 were not included in these measurements, since the 
purpose for these implantation periods was to observe short-term response. The overall 
averages for all the implants listed in Table 17 for each tissue type were as follows: fibrous 
connective tissue covered 42.2 ± 16.5 %, marrow covered 8.3 ± 7.7 %, and bone covered 
49.2 ± 17.0 % of the implant tissue interfaces. Repetition of a randomly chosen specimen 
gave a maximum margin of error of 3.0 %. After grouping these results according to implant 
shoulder surface structure and comparing means, no significant differences were found. 
Comparison of implants with 2 and 3 mm shoulders showed that 3 mm implants had 46.6 ± 
17.9 % bone, whereas 2 mm implants had 54.1 ± 16.7 %. This difference is not statistically 
significant. The tissue type percentages were also grouped according to implantation time 
and are plotted in Figure 26. The data used to plot Figure 26 did not include implants 8725 
RB, 8725 LF, 8734 RB, and 8734 LF since they had fractured off, and bone growth entirely 
encased them entirely. The graph shows that the percent bone around the implants increased 
over time and the fibrous and marrow percent decreased. At 6 months post cut-back, an 
interruption in the trend was observed. There was a significant decrease in percent bone 
contact and an increase in percent fibrous contact. This is probably due to differences 
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Table 17. Percentages of tissue type adjacent to the osteoceramic implants 
Dog Pos.^ Shoul. Shoul. % % % Total % 
Htb Surf.c Fibrous Marrow Fibrous Bone 
7934 RF 2 SM 54.24 0.00 54.24 45.76 
7934 RB 3 IR 50.43 1.96 52.38 47.62 
7934 LP 3 RO 42.03 12.32 54.35 45.65 
7934 LB 3 SM 43.40 6.39 49.79 50.21 
8722 RF 3 RO 46.74 11.77 58.51 41.49 
8722 RB 3 SM 66.36 17.35 83.70 16.30 
8722 LP 3 RO 63.88 6.03 69.91 30.09 
8722 LB 3 IR 9.11 30.62 39.72 60.28 
8725 RF 2 IR 50.83 0.00 50.83 49.17 
8725 RB 4 IR 25.54 3.02 28.56 71.44 
8725 LF 2 IR 29.88 7.72 37.60 62.40 
8725 LB 3 IR 35.41 0.00 35.41 64.59 
8730 RF 2 RO 42.80 11.23 54.03 45.97 
8730 RB 3 IR 18.59 0.00 18.59 81.41 
8730 LF 2 SM 36.27 2.23 38.51 61.49 
8730 LB 2 RO 23.64 6.15 29.79 70.21 
8732 RF 1 IR 54.41 7.14 61.55 38.45 
8732 RB 2 IR 57.30 12.51 69.81 30.19 
8732 LF 2 IR 33.50 5.11 38.61 61.39 
8732 LB 2.6 IR 52.00 9,03 61.04 38.96 
8733 RF 2 RO 62.13 8.87 70.99 29.01 
8733 RB 3 SM 24.43 25.38 49.81 50.19 
8733 LF 2 IR 51.13 11.68 62.81 37.19 
8733 LB 3 RO 27.86 20.43 48.29 51.71 
8734 RF 2 IR 23.85 0.96 24.81 75.19 
8734 RB 2 SM 33.06 4.98 38.04 61.96 
8734 LF 2 SM 20.83 0.00 20.83 79.17 
8734 LB 2 RO 24.27 3.53 27.80 72.20 
8739 RF 2 RO 24.22 4.74 28.96 71.04 
8739 RB 3 SM 47.08 3.28 50.36 49.64 
8739 LF 3 IR 42.30 7.11 49.41 50.59 
8739 LB 3 RO 79.49 7.79 87.28 12.72 
^ Pos. = Position of the implant in the mandible (R=right, L=left, F=front, B=back). 
b Shoul. Ht = height of implant shoulder, i.e. 1,2, 3, or 4 mm. 
^ Shoul. Surf. = surface of implant shoulder, SM = smooth,IR = irregular, RO = rough 
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Figure 26. Percent tissue type surrounding osteoceramic implants as a function of time 
between dogs and to one of the two dogs being the pilot study dog. At the final implantation 
time of 12 months, the implants had 65.3 ±11.6 % bone, 33.6 ± 12.7 % fibrous connective 
tissue, and 1.1 ± 1.7% marrow surrounding them. These values did not include the tour 
fractured implants. 
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General discussion of histological results 
The histological evaluations confirmed that surgical procedure significantly affects 
implant response. Even though dog 8732, the pilot study subject, had a vertical bone height 
of 90 % at 3 months post cut-back, several fibrous capsules/downgrowths were observed. 
This is attributed to two possible reasons: (1) damage done to the surrounding bone by using 
a hand drill, or (2) the oversized drill bit allowed subsequent micromotion of the implant. 
Vernon-Roberts and Freeman (1977) identified three factors needed to allow bone to be in 
permanent contact with an implant. The following two are of relevance here: (1) atraumatic 
surgery and precise fit of the implant in the site, and (2) immobilization of the implant with 
respect to bone during the first 3 to 6 months after implantation. 
The short-term responses of the implants placed for 20 and 33 d showed initial healing 
patterns and interface development similar to those described by Roberts (1988) for a TCP 
coated titanium implant. For dogs between and 0-4 weeks after placing of an implant, a 
woven callus forms close to the osseous defect. Between 4-12 weeks after implantation, the 
woven bone is replaced by compact lamellar bone to increase load bearing capabilities. Dog 
8736, at 20 d in situ, had established a trabecular immature structure to bridge the existing 
bone to the implant surface. At 33 d in situ, bone had started forming close contact with the 
surface, and grooves had already partially filled with bone. 
For the long-term responses, at 1 month, 3 months, 6 months, and 12 months post cut­
back, the qualitative evaluations of tissue type contact around the implants (Figure 26) 
showed that with the longer implantation times the implants became surrounded by more 
bone and less fibrous tissue, except at 6 months post cut-back when there was an interruption 
in the general trend. A similar study by Weinlaender et al. (1992) compared bone contact at 
3 months for three endosseous implants, titanium screw, plasma sprayed cylinder and HA-
coated titanium cylinder. They found the highest bone contact for the HA-coated titanium 
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cylinder (71 ± 12 %). Our values for 3 months implantation of all OC implants was slightly 
lower than that, 56 ± 14 %. This may be due to our implant being transcutaneous. The 
vertical bone height loss (Figure 21) had a similar interruption in the trend as shown in the 
tissue type contact plot in Figure 26. The vertical bone height decreased until around 150 d 
in situ, with a slight rise after that. Then the VBH leveled on the lingual sides, but decreased 
on the buccal sides. The overall average of vertical bone height for all unfractured implants 
was 77 ± 16 % which is very similar to the results by De Lange et al. (1989) of 79 ± 15 % for 
solid HA implants. With regard to shoulder surface and implant shoulder height, minor 
differences between treatments were observed for qualitative tissue evaluations (Tables 15 
and 16); however, due to the large standard deviations for the means, no statistically 
significant differences were concluded. 
In general, on a light microscopic level, the OC implant surface had close bone contact. 
Bone had a normal lamellar structure with osteocytes and osteoblasts present directly 
adjacent to the osteoceramic. The bone had ample connections with the surrounding 
trabecular jaw bone through marrow cavities/haversian canals. De Putter et al. (1983) 
clinically evaluated dense apatite transmucosal implants and found that they bond tightly to 
surrounding bone. Weinlaender (1991) has described the interface of bioactive implant 
materials, such as TCP, to vital bone as being chemically mediated with ion exchange 
occurring between the implant and the bone. Light microscopic observations of the OC 
implants found some unmineralized spots interspersed amidst the bone. These were 
identified mostly as osteoid. Only a few implants had a thick connective tissue layer between 
the implant and bone. These were mostly in the pilot study dog 8732. Several implants 
showed alveolar ridge resorption, especially on the buccal side, which may be attributed to 
lack of implant function, implant placement off the neutral axis, or lack of gingival sealing. 
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Almost all of the implants showed some degree of soft tissue inflammation. This is 
probably due to a lack of gingival sealing and not necessarily due to the presence of the OC 
implants. Overall, from the light microscopic evaluations, it appeared that no effective 
biological seal was formed. Inflammation was generally seen in the soft tissue. This in turn 
allowed microorganisms and their products to invade the gingival barrier causing 
inflammatory reaction. This may have led to resorption of the underlying alveolar bone for 
some of the implants. Several implants exhibited a foreign body response as demonstrated by 
the presence of macrophages and multinucleated cells. De Lange et al. (1986) found two 
reactions for permucosal cylindrical implants of densely sintered HA: a) a short zone of 
highly qualified junctional epithelium with a well-developed connective attachment 
apparatus and an upgrov^h of bone, and b) a migration of lining epithelium with ulceration 
and infiltration of inflammatory cells, no connective tissue attachment and inflammatory cells 
present, and alveolar bone resorption. These two reactions were also observed for our 
implants. For example, implant LB dog 8725 had good soft tissue attachment and showed 
upgrowth of bone on both sides. However, a majority of the implants could be described by 
the second reaction. 
For this implant study, several factors were found to contribute to soft tissue 
inflammation: degradation of the OC, lack of dental hygiene, mobility of the soft 
tissue/mucosa around the implant, and epithelial tissue structure adjacent to the implant. 
During the histological evaluations and clinical exams, it was observed that implants with 
adjacent keratinized tissue appeared to have better gingival response and less inflammation 
than implants with non-keratinized tissue. Soft tissue inflammation can also be caused by 
movement of the tissue around the implant site. Calcium phosphate ceramics are generally 
well tolerated by immovable soft tissue, but all materials located in movable soft tissue 
induce inflammation. HA ceramic particles in soft movable tissue induce a chronic 
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inflammation leading to fibrous encapsulation (Donath, 1990). Furthermore, the resorption 
of HA ceramics in movable soft tissue continues until it is resorbed or dissolved. The 
gingival cut-back procedure did not include suturing the gingiva tightly to the implant 
shoulder. This may have led to a lack of gingival attachment and increased inflammation by 
increasing mucosa mobility. The osteoceramic was found to accumulate plaque in some dogs 
more severely than in others. De Putter et al. (1983) observed that insufficient oral hygiene 
negatively affects the transmucosal condition of implants. The light microscopic evaluations 
showed that subgingival plaque accumulation led to a higher concentration of neutrophils 
near the implant than in the remaining soft tissue. Furthermore, degradation particles of the 
OC were observed in the surrounding tissue of some of the sections. This may have led to 
irritation. 
Histological observations showed that some implants had close soft tissue attachment 
with little inflammation and good collagen fiber ingrowth. This may help inhibit epidermal 
cell migration. Winter et al. (1974) stated that a macroporous implant with pores large 
enough for tissue to invade the implant can inhibit epidermal migration. Likewise, it was 
observed that the implants which had close supportive connective tissue below the overlying 
soft tissue appeared to form a better gingival attachment. MacKenzie (1984) postulated that 
epithelial character depends upon the connective tissue supporting it. Lang and Loe (1972) 
have shown that with regard to natural teeth, the underlying connective tissue must be free of 
inflammation and immovably attached to the underlying hard tissue in order to contribute to 
the epithelial layer. This concept is also applicable to implants. Overall, the histological 
results reported here support the clinical observations. 
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Cell Attachment Assays 
To determine if the OC surface was degrading during the cell attachment assay procedure, 
particle counts of media placed on all ceramic surfaces were done. The particle counts from 
the media by itself showed a background count of 72 ± 21 particles, but the media counts 
from the rough OC surface showed a count of 572 ± 265. All remaining ceramic surfaces 
exposed to media only had a particle count which fell within the media value range. Since 
the rough surface had a significantly higher count, a significant number of ceramic particles, 
loosening from the rough OC surface, were being counted as cells during the assay 
procedure. To correct for this discrepancy, the difference between the rough OC media count 
and media only count (500 particles) was subtracted from each cell count value obtained for 
the rough OC media. 
Epithelial cells 
The attachments of gingival epithelial cells to smooth OC and tissue culture plastic at 1/2 
to 24 h are shown in Figure 27. The general trends of the attachment curves showed a rise up 
to 2 h, a plateau between 2 and 6 h and then another rise between 6 and 12 h. At 24 h, 46.1 ± 
14.4 % of the cells were attached to the smooth OC and 48.2 ± 11.0 % of the cells were 
attached to the tissue culture plastic. There was no significant difference between the smooth 
OC and the tissue culture plastic attachment percentages. 
The attachment epithelial cells at 3 h to the different surface/material modifications are 
shown in Figure 28. The comparison of the surface/materials variations was chosen to be 
made at 3 h because a plataue in attachment had been reached for both epithelial cells and 
fibroblasts. The highest attachment, 34.2 ± 13.0 %, was for the rough OC and the lowest 
attachment, 15.9 ± 2.7 %, was to the polished SP. Using the analysis of variance with 
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randomized block design, the tests of hypothesis showed that there were differences in 
attachment among the 6 treatments. The Duncan's multiple range test determined that 
attachment to the rough OC was significantly higher than attachment to all other ceramic 
treatments. 
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Figure 27. Gingival epithelial cell attachment over time: tissue plastic and smooth 
osteoceramic 
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Figure 28. Gingival epithelial cell attachment at 3 h to various ceramic surfaces 
Fibroblasts 
The attachments of gingival fibroblasts to smooth OC and tissue culture plastic at 15 to 
180 min are shown in Figure 29. The curves show a steady rise between 15 and 120 min and 
a plateau between 120 and 180 min The amount of attachment at 180 min was 66.5 ± 1.7 % 
for the smooth OC and 69.8 ± 3.9 % for plastic. There was no significant difference between 
the attachment of the fibroblasts to the plastic and smooth OC. 
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Figure 29. Gingival fibroblast cell attachment over time: tissue plastic and smooth 
osteoceramic 
The attachments of fibroblasts at 3 h to the different surface/material modifications are 
shown in Figure 30. The highest attachment, 58.2 ±7.10 %, was for the smooth OC and the 
lowest, 31.4 ± 12.3 %, was for the rough OC . For fibroblasts, the tests of hypothesis also 
showed there are differences in attachment among the 6 treatments. Duncan's multiple range 
test determined that attachment to the rough OC was significantly lower than attachment to 
all other treatments. 
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Figure 30. Gingival fibroblast cell attachment at 3 h to various ceramic surfaces 
Scanning electron microscopy 
The original surface structures of all the treatments were shown in the micrographs in 
Figure 15. With regard to the two SEM preparation techniques used, no differences in 
substrate surface and cell morphology were found. For each specimen, several cells and the 
surrounding surface were examined. Since the cells do not attach and spread at the same rate. 
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the following micrographs were chosen to represent the most typical cell morphology for the 
specific time period. Furthermore, the morphological descriptions of the cells summarize the 
apppearances in several micrographs. Debris of unknown origin was found on some 
surfaces. Also, the SEM preparation process appears to alter the ceramic surfaces. This 
conclusion was made after micrographs of surfaces exposed to the various processing steps 
were examined. 
The mechanism of adhesion and spreading of cultured cells has been described to include 
the following events: substrate becomes coated with adsorbed proteins, cells attach to the 
substratum at contact points, bonds of attachment are formed, filopodia grow centrifligally, 
cytoplasmic webbing occurs, and central mass flattens (Rajaraman et al., 1974; Grinell, 
1978). Both epithelial cells and fibroblasts incubated on the ceramics generally followed that 
mechanism. In this work, at 3 h, the fibroblasts had attached and spread more extensively 
than the epithelial cells. This has been shown in previous reports which found that three 
types of isolated epithelial cells showed less tendency to spread extensively on the 
substratum than isolated fibroblastic cells (Brown and Middleton, 1985). They suggested 
that the the lack of extensive spreading is because epithelial cells do not develop sufficient 
cell-substratum adhesion. 
Epithelial cells Overall, the epithelial cells spread a lot slower than the fibroblasts. 
Thirty min after plating, the epithelial cells still had a spherical shape, and the cell surface 
was rough with folds and some blebs. Filopodia had started to extend radially at the cell 
surface in contact with the ceramic (Figure 31 A). At 1 h, the filopodia had grown and 
started branching. The cell surface had more foldings, and more blebs had formed. 
Cytoplasmic webbing, a thin film of cytoplasm spreading outward from the cell base between 
the filopodia, was seen (Figure 31 B). Between 1 and 3 h, cells spread more and filopodia 
Figure 31. Scanning electron micrographs of epithelial cells on smooth 
osteoceramic surface over time, 60° tilt; A) 30 min, 3000 X, B) 1 h, 
2700 X, C) 3 h, 3000 X, D) 6 h, 3000 X, E) 12 h, 1500 X, and F) 24 
h, 1000 X 
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lengthened. Folds, microvilli and blebs were still present on the surfaces. Cytoplasmic 
webbing was present (base of the cell in Figure 31 C). At 6 h, the cell periphery was covered 
with protrusive blebs (Figure 31 D). The cells flattened significantly between 6 and 12 h, and 
the surface smoothened (Figure 31 E). At 24 h, cells had flattened; however, some cells still 
had a raised cell mass at the center of the cell with blebs on the peripheral surface. Figure 31 
F shows two cells, one of which is spread thin enough to cover the underlying crystalline 
surface structure. 
The epithelial cell morphology on all ceramic surfaces was compared at 3 h. Figure 32 
shows micrographs of epithelial cells on the various ceramics. Epithelial cells on the rough 
OC (Fig 32 A), irregular OC (Fig 32 B) and TCP (Fig. 32 D) had a rough surface with many 
folds and some protrusive blebs. Cytoplasmic webbing was seen, and filopodia were 
extensive at points where the cells had contact with the ceramic. The smooth OC surface 
(Fig. 32 C) showed cells which had numerous microvilli, folds, some blebs and extending 
filopodia. The SP surface (Fig. 32 E) contained flattened cells with some radial filopodia and 
pitted surfaces. 
The assay of attachment of epithelial cells showed the greatest attachment to the rough 
OC (Figure 28). The cell morphology, as seen in the SEM micrographs, supported these 
findings. This may be due to the extra surface area of the rough OC allowing epithelial cells 
to obtain more points of contact for cell-substratum adhesion. Kasten et al. (1990) also found 
that gingival epithelial cells had a higher attachment number to rough surfaced HA than to 
smooth surfaced HA. An interesting observation made with the epithelial cells was the 
frequent formation of blebs on the peripheral cell surface prior to the cell's spreading. Other 
researchers have found that epithelial cells spend a substantial proportion of time poorly 
spread and blebbing vigorously (DiPasquale, 1975). It has been suggested that surface folds 
and blebs may be necessary to increase the total surface area of the cells to accommodate the 
Figure 32. Scanning electron micrographs of epithelial cells on ceramic 
surfaces at 3 h: A) rough OC, no tilt, 2400 X, B) irregular OC, 60° 
tilt, 3000 X, C) smooth OC, 60° tilt, 1000 X, D) TCP, 60° tilt, 3600 
X, E), SP, 60° tilt, 2000 X 
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excess surface membrane, or that the blebs are formed in response to trypsin treatment or that 
they may contain precursors of microfilaments (Rajaraman et al., 1974). DiPasquale (1975) 
has explained that isolated epithelial cells bleb and fail to spread because, unlike fibroblasts, 
they do not contain sufficient microtubules to localize their protrusive activity and to stabilize 
their spreading lamellae. If this in vitro difference in cell behavior is extended to in-vivo 
models, it is uncertain how the faster fibroblast attachment and spreading may affect 
epithelial cell attachment. 
Fibroblasts At 15 min after plating, the fibroblast cells have started attaching by 
sending out filopodia. The cells were still spherical in shape, and some blebs were evident on 
the periphery of the cell (Figure 33 A). At 30 min after plating, the surface of the cells had 
developed some surface folds, and filopodia had grown longer. Also, cytoplasmic webbing 
had filled in the space between some of the filopodia (Figure 33 B). At 1 h, filopodial growth 
and cell flattening were observed. At 2 h, the cell surface was covered with more microfolds 
and cells were fairly flat. Their shape was starting to alter from spherical to oblong. Often 
the cells had conformed so well to the underlying ceramic that it was difficult to find them 
(Figure 33 C). At 3 h, filopodial branching and cytoplasmic webbing are seen (Figure 33 D). 
Some cells were starting to become more spindle-like while others appeared to be preparing 
for locomotion as shown by ruffled edges on one side of the cell and extensive filopodia and 
webbing on the opposite side. 
Fibroblast morphology on all ceramic surfaces was also compared at 3 h. Figure 34 
shows micrographs of fibroblast cells on the various ceramics. The cells on the smooth OC 
(Figure 34 C), TCP (Figure 34 D) and irregular OC (Figure 34 B) showed extensive filopodia 
with branching of the filopodia and cytoplasmic webbing. The cell surfaces were rough with 
microvilli and blebs, and cells were round to ovoid in shape. The SP surface (Figure 34 E) 
showed very flattened cells with small peripheral filopodia and ruffled edges. The etched OC 
Figure 33. Scanning electron micrographs of fibroblasts on smooth 
osteoceramic surface over time, 60° tilt: A) 15 min, 1500 X, B) 30 
min, 2400 X, C) 2 h, 2000 X, and D) 3 h. 1000 X 
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Figure 34. Scanning electron micrographs of fibroblasts on ceramic surfaces at 
3 h: A) rough OC, 60° tilt, 1200 X, B) irregular OC, 60° tilt, 2000 
X, C) smooth OC, no tilt, 2000 X, D) TCP, 60° tilt, 2000 X, e) SP. 
60° tilt, 2000 X 
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(Figure 34 A) surface had cells which were very flat. The cell edges did not appear attached 
and filopodial growth was minimal. 
The cell attachment assay results showed that fibroblast attachment was highest for the 
smoother ceramic materials (smooth OC, SP, TCP) (Figure 30). The cell morphology as seen 
in the SEM micrographs supported these findings. Previous researchers also have found 
maximum attachment for human foreskin fibroblasts up to 60 min with the smoother titanium 
surfaces (Keller et al., 1989). Our results showed that fibroblast cell attachment decreased as 
the OC surface became rougher. Surface topography may have a more significant effect on 
fibroblast cell attachment than chemical composition. These results were similar to those of 
Inoue et al. (1987) who showed that geometrical configuration of the surface of implants 
could influence whether a capsule or an oriented fibrous attachment is developed to implants 
in vitro. 
Effect of material properties on cell attachment 
The relative acidity/basicity of the ceramic surfaces, as measured by the surface pH, may 
be an important parameter for cell attachment (Keller et al., 1989). These researchers 
reported that fibroblast cell attachment was highest on the materials with a pH in the range of 
3.0-4.6 and speculated that it may be related to the concentration of surface hydroxy 1 groups. 
Our results showed the surface pH of the SP was moderately acidic (3.0-4.6), whereas the pH 
of the remaining ceramics was in the 6.0-6.8 range. However, this pH difference did not 
significantly affect cell attachment of either cell type. 
Some researchers have stated that wettability should be considered a primary indicator of 
implant surface biocompatibility and may be an important parameter of biological effect at 
the cellular level (Tanagiswaw et al., 1989; Baier and Meyer, 1988; Hanker and Giammara, 
1988). On the other hand, no significant relation between cellular attachment in the presence 
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of serum and wettability have been reported (Jansen et al., 1983; Swart et al., 1992). Our 
results indicated that at 3 h the attachment of cells on the rough (wettable) OC appears to be 
related to differences in cell type. This is apparent from the fibroblast attachment being 
lowest and epithelial attachment being highest for the rough OC. 
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CONCLUSIONS 
The materials analysis results confirm that osteoceramic surfaces can be successfully 
treated to create various surface structures. Dissolution experiments showed that significant 
amounts of calcium and phosphorus are released to surrounding solutions. This confirmed 
the bioactive characteristic of the osteoceramic material. 
The design of the implant was successful for the implantation method used for this 
project; however, the shoulder design could be improved. The area underneath the shoulder 
led to a pocket of inflammation unless bone had direct contact with the bottom of the 
shoulder. In vivo clinical observations found the 2 mm shoulder was the most successful for 
this experimental procedure of keeping the implant covered during initial healing and then 
cutting the gingiva back to expose the shoulder of the implant. 
No statistically significant differences were found between the various shoulder surface 
treatments for both clinical examinations and histological evaluations. Short-term response 
to the osteoceramic implants showed classic hard tissue healing patterns. Initially, woven 
bone formed to temporarily bridge the gap between bone and implant. This bone was 
replaced by compact, more mature bone. Long-term response to the implants showed an 
increase in the amount of bone surrounding the implants. Sixty five ± 12 % of the implant 
surface was covered by bone at 12 months post cut-back. Bone contact with the osteoceramic 
implant was close. Osteocytes and osteoblasts were observed directly adjacent to the surface. 
Almost all implants showed some degree of inflammation of the soft tissue. This may be 
attributed to plaque accumulation from lack of dental hygiene, mobility of the soft tissue 
following gingival cut-back, or degradation of the osteoceramic. Generally, an effective 
perimucosal seal was not formed; this allowed inflammation to occur. Surgical 
improvements to assure immobility of the mucosa after gingiva cut-back and dental hygiene 
would improve soft tissue response to the osteoceramic implant. 
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The various osteoceramic surface structures significantly influenced in vitro attachment 
of gingival epithelial cells and fibroblasts. Results showed a statistically significant (a=0.05) 
higher level of cell attachment for gingival epithelial cells at 3 h on the rough osteoceramic 
surfaces. Cell attachment for gingival fibroblasts at 3 h was lowest for the rough 
osteoceramic. Cell morphology apparent from the scanning electron micrographs support 
these findings. 
This study found no significant differences in the in vivo response to the various surface 
treatments of the osteoceramic implants, but significant in vitro differences for short term 
responses of epithelial cells and fibroblasts were observed. Therefore, it was concluded that 
in vivo clinical and histological results do not support the in vitro cell attachment results. The 
reason for the significant difference between in vivo and in vitro results may be due to the 
many factors which affect in vivo experiments and clinical trails. These factors include a 
small number of dogs, implantation procedure, host condition, etc. Furthermore, researchers 
have not confirmed that short-term cell culture tests are a true indicator for long-term in vivo 
response. 
Future recommendations for an osteoceramic dental implant design include making 
the tooth root implant functional, reinforcing the implant with a metal core, and removing 
areas such as the overlapping shoulder where pockets of inflammation can occur. Current 
research is being done to examine the biomechanical forces placed on the surrounding tissue 
as a function of various design changes. Applying the in vitro results to a future dental 
implant design could include a two part soft tissue interface; a rough osteoceramic surface 
superficially to encourage epithelial adherence and smooth osteoceramic surface below to 
anchor fibroblasts and obtain connective tissue attachment. 
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APPENDIX 1: IMPLANTATION STEPS FOR EACH DOG 
The following table lists the dates at which the experimental steps on each dog were 
done. It gives the implant types and their position in the mandibles and the administration 
dates of the bone labels. 
Dog Number 
Step 8736 8724 8733 8739 7934 8730 8722 8732 8725 8734 
Implants / Position 
R p a  lb IRC 1 IR 2 R 0  2 R 0  2 S M  2 R 0  3 R 0  1 IR 2 I R  2 I R  
RB 1 IR 1 IR 3 S M  3 S M  3 I R  3 I R  3 SM 2 I R  4 I R  2 S M  
LF 1 IR 1 IR 2 I R  3 I R  3 R 0  2 S M  3 RO 2 I R  2 I R  2 S M  
LB 1 IR 1 IR 3 R 0  3 R 0  3 S M  2 R 0  3 IR 2.6 IR 3 I R  2 R 0  
Implantation 5-3d 5-18 2-15 2-8 2-6 11-15 10-25 10-6 10-2 11-6 
Cut-back 3-20 3-8 3-8 1-29 12-8 12-1 12-4 12-4 
Bone Labeling 
oxytetracycline 5-5 5-20 4-4 3-30 5-7 3-28 5-5 11-9 11-5 
demeclocycline 6-11 4-12 4-12 9-5 9-5 
xylenol orange 5-14 5-29 3-29 3-22 5-18 4-13 5-8 5-4 10-8 10-11 
alizarin red S 4-20 
Euthanasia 5-23 6-20 4-12 4-10 6-7 4-24 6-7 6-1 12-5 12-4 
Total time after implantation 
20 d 33 d 
Total time after cutback 
Im Im 3m 3m 6m 6m 12 m 12 m 
^ RF, RB, LF, LB = right (left) front (back) position of the implant in the mandible. 
^ 1,2,3, and 4 denotes height of implant shoulder in mm. 
c shoulder treatment, IR = irregular, RO = rough, SM = smooth. 
dates in bold denotes 1989, all dates in normal format denote 1990. 
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APPENDIX 2: TETRACYCLINE ADMINISTRATION 
The following table gives the dates at which the tetracycline was administered to each dog. 
Dog Dates of Tetracycline 
7934 12/2 -12/9/89 
8722 4/21 - 4/28/89 
8724 4/26 - 5/3/89 
8725 4/26 - 5/3/89 
8730 4/27 - 5/4/89 
8732 4/28 - 5/5/89 
8733 5/1 - 5/8/89 
8734 5/3-5/10/89 
8736 5/4 - 5/11/89 
8739 5/10-5/17/89 
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APPENDIX 3: MICRORADIOGRAPH EVALUATIONS 
Note: RF (LB) denotes right, left, front, or back position of implant 
1 .. 4 mm indicates height of shoulder 
irregular, smooth, or rough indicates implant shoulder surface 
right/left indicates position of radiograph which is lingual/buccal 
Dog 8736 (20 days): 
RF, 1 mm, irregular. Section 5, right- bucc, left-ling: 
Lingually, the bone ridge is only slightly below the shoulder with intimate bone contact. 
Bone is remodeling and filling the groove. Much deposition around the lower portion of the 
implant is seen. Buccally, hairline gap between implant and bone groove is about 40 % 
filled, with some bridging of bone. 
RB, 1 mm, irregular, Section 5, right-ling, left-bucc: 
Buccally, bone appears to have good intimate contact with the implant with very 
trabecular structure of bone. The groove is about half filled in. There is considerable spongy 
bone below the implant. Lingually, there is good bone contact. At ridge top, bone seems to 
be depositing. The groove and the lower portion of the implant are being filled with bone. 
Bone is generally trabecular adjacent to the implant. 
LP, 1 mm, irregular. Section 8, right-ling, left-bucc: 
Buccally, there is a hairline gap along the entire implant, with some points of close 
contact. Bridges from bone to surface are starting to form. The groove has bone spicules 
depositing. About half of the bottom of the implant has bone starting to deposit. Lingually, 
above the groove, bone has formed good contact with the implant. The bone ridge is right 
below the implant. The groove is only partially filled. Below the groove, much spongy bone 
has deposited on the surface. 
LB, 1 mm, irregular. Section 4, right-ling, left- bucc: 
There is a crack across the midsection of implant and also in adjacent sections. Buccally, 
bone is filling gaps from surgery. The groove is about two-thirds filled with spongy bone. 
Below the groove and along the bottom of the implant, bone is very trabecular, but there are 
only a couple of points of contact with the implant. Lingually, top of ridge is deposited with 
new bone. The groove is about half filled. Below the groove, there is a good amount of 
spongy bone contact. 
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Dog 8724 (33 days): 
RF, 1 mm, irregular, Section 6, right-bucc, left-ling; 
Along both sides of the implant there is a hairline gap between bone and implant. The 
surrounding bone is trabecular and appears to be remodeling. Lingual groove has not filled 
completely, whereas the buccal groove has spongy bone laid down. Bottom of the implant 
has a thin layer of bone adjacent to it. 
RB, 1 mm, irregular, Section 6, right-ling, left-ling: 
Buccal side has a hairline gap above the groove between the bone and the implant. 
Buccal groove had very little bone in it. It appears that a very thin line of bone reaches to the 
shoulder of the implant of the buccal side. A thin layer of bone is starting to form around the 
bottom portion of the implant. Lingual side of implant has places where there are larger gaps 
and where there is direct bone contact. Lingual groove is starting to fill with bone. 
LF, 1 mm, irregular. Section 6, right-bucc, left-ling: 
Both sides of the implant above the groove have only a hairline gap between bone and 
implant. Lingual groove and below have new layer of bone forming. Buccal groove has a 
gap, but bone appears to be filling. 
LB, 1 mm, irregular. Section 4, right-bucc, left-ling: 
Lingual side of the implant shows bone formation on the implant. Lingual groove has a 
small amount of bone deposition. Bottom of implant has a thin layer of bone forming. 
Buccal side of implant had little scattered bone contact. Proximal to the groove on the 
buccal side there appears to be a sizable radiolucent area, this may be due to damage caused 
by surgery. Buccal groove was starting to fill with bone. 
Dog 8733 ( 1 month post gingiva cut-back): 
All implants are significantly placed off the neutral axis towards the buccal side perhaps 
causing more stresses on the buccal side. 
RF, 2 mm, rough. Section 3, right-ling, left-bucc: 
Buccal ridge has resorbed some. There is good, dense bone contact with the implant 
surface. At the groove, the bone layer contacts the implant, but bone is spongy outward and 
below. Some bone apposition to the bottom of the implant (which is in the cancellous area). 
Tip of tooth root remains about 1 mm below there. Lingually, top of bone is growing upward 
to shoulder. Some direct bone contact along side, but from groove top to bottom corner of 
implant there is a 0.3 mm wide gap. 
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RB, 3 mm, smooth. Section 3, right-ling, left-bucc: 
Buccally, implant has very little direct bone contact. Top of ridge shows v-shaped 
resorption along interface. Some bridges form spongy bone to the surface. The bottom of 
the implant has little bone apposition. Lingually, the ridge is still below the shoulder with 
fairly good bone contact below that to the top of the groove. There are some bridges of bone 
and a thin layer below the groove. Vertically oriented gaps which tend to have created a 
sequestrum effect on the bone are in contact with the bone that is in contact with the implant 
above the groove. 
LF, 2 mm, irregular. Section 6, right-bucc, left-ling: 
Buccal ridge is at about 2/3 length of implant. There, intimate bone contact with implant 
exists. Below that and along almost the entire implant bottom, there is a 1/2 mm layer where 
there is no bone. Lingually, the ridge appears to have resorbed some with a slight v-shape. 
Along the side, contact is intimate, but bone shows a spongy structure.. 
LB, 3 mm, rough. Section 5, right-bucc, left-ling: 
Buccally, the ridge has resorbed to above the groove. At this point there is good bone 
contact. Below that at the groove, there is little direct bone contact. Below the groove and at 
the comer, there is a layer of bone depositing. Bottom of the implant shows the start of bone 
formation. Lingually, trabecular bone is well attached to the surface. At the groove and 
below, spongy bone has good bridging contact. 
Dog 8739 (1 month post gingiva cut-back): 
All implants are significantly placed off the neutral axis towards the buccal side perhaps 
causing more stresses on the buccal side. 
RP, 2 mm, rough, Section 5, right-ling, left-bucc: 
Buccally, the ridge appears to have resorbed, but adjacent bone is still in contact with the 
implant at top. Along the entire length of the implant, there is very intimate bone contact 
with dense bone evident. Bottom of the implant has very little bone apposition. Lingually, 
there is very tight contact with dense, but trabecular bone; however, at the groove there are 
several cavities. 
RB, 3 mm, smooth. Section 6, right-ling, left-bucc: 
Buccally, bone has resorbed to above about 1/2 of implant length. Along entire length of 
implant, there is very intimate contact with fairly dense bone. The bottom of the implant has 
a layer of bone forming. Lingually, the ridge has receded some, but bone/implant contact is 
very tight along the entire side except for the groove where there are two small cavities. 
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LF, 3 mm, irregular. Section 4, right-ling, left-bucc: 
Buccally, the ridge has receded to about 1/2 of the implant length with some v-shaped 
resorption adjacent to the implant. Contact with bone is in patches with a cavity at the 
groove. Bottom of the implant has a thin layer of bone deposited. Lingually, v-shaped 
resorption of bone at the top of the ridge adjacent to the implant is seen. Along the side, 
there is good contact of the bone with the implant, and the bone is trabecular. More cavities 
are evident at the groove. 
LB, 3 mm, rough,Section 5, right-bucc, left-ling: 
Lingually, the ridge has resorbed to about 1/2 of the implant length, with slight v-shaped 
resorption adjacent to the implant. Along the entire length of the implant, there is serious 
resorption. Above the groove there is very little contact with bone, only some bridging. 
Below the groove at the comer of the implant, there is good contact with bone. The 
remaining implant has no bone contact except for a bone spicule at the right corner of the 
implant. Buccally, there is a 1 mm gap along the entire length of the implant 
Dog 7934 (3 months post gingiva cut-back): 
RF, 2 mm, smooth. Section 4, right-ling, left-bucc: 
The surrounding bone shows intimate contact with the implant. Bone is more dense 
lingually. The bone appears trabecular on the buccal side. 
RB, 3 mm, irregular. Section 6, right-bucc, left-ling: 
Buccally, above the gap, the bone is very dense and has intimate contact with the 
implant. On this side, the bone is more trabecular with some discontinuities in contact. 
Lingually, bone has intimate contact with the implant except for the lower comer. From the 
middle of the groove to almost the opposite (buccal) bottom comer, there is a 0.3 mm gap. 
LF, 3 mm, rough, Section 4, right-bucc, left-ling: 
On the buccal side, bone has resorbed to the top of the groove. The bone adjacent to the 
implant is less dense, but it is in close contact with the implant. The bone on the bottom of 
the implant thins from lingual to buccal. Implant is placed off the neutral axis towards the 
buccal side perhaps causing more stresses on the buccal side. Lingually, the bone has 
intimate contact with the implant with part of the bone extending across the bottom of the 
implant (which is in the cancellous region of the mandible). A v-shaped recession of the 
alveolar ridge bone along the implant was slight on the lingual side and more severe on the 
buccal side. 
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LB, 3 mm, smooth, Section 4, right-ling, left-bucc: 
Implant is placed off the neutral axis towards the buccal side perhaps causing more 
stresses on the buccal side. Bone has resorbed to about 1/2 of length of implant on the buccal 
side. Contact is intimate and dense except for a trabecula at the groove. Bone ridge is much 
higher on the lingual side, about 2/3 of the implant. A small (about 1/4 mm) gap is evident 
along the entire lingual side of implant, yet upper lip on bone curves in to contact implant. 
At lingual groove, thin bridge of bone stretches across to implant. There is only a small point 
of contact of a trabeculum of bone to bottom surface of implant on the lingual side. 
Dog 8730 (3 months post gingiva cut-back): 
RF, 3 mm, irregular, Section 8, right-bucc, left-ling: 
Buccal alveolar ridge has resorbed to the groove. At that point and below, there is a good 
amount of trabecular bone contact. On lingual side, bone ridge is down to about 2/3 of the 
implant. Lingual implant side has several gaps between the bone and the implant (less that 
0.2 mm) and interspersed are points where bone bridges to implant surface. Bottom corner of 
implant and most of bottom have bone contact (in spongy area). 
RB, 2 mm, rough. Section 5, right-ling, left-bucc: 
Buccal alveolar ridge had resorbed to the groove, At groove, trabecular bone contact is 
seen. Below and along almost all of the bottom of implant, a thin layer of intimate bone has 
formed. Lingually, bone ridge is at about 1/2 of implant height. The entire side has very 
intimate bone contact with dense bone. At groove, there is a tiny, hairline gap. 
LF, 2 mm, rough. Section 6, right-ling, left-bucc: 
Buccal alveolar ridge has resorbed to the center of the groove. Below the groove, dense 
bone is adjacent to the implant. Bottom of implant is in cancellous bone with some bridging 
of bone to the implant surface. Lingual ridge is at about 1/2 of implant length. Adjacent 
bone is trabecular but has good contact with surface. 
LB, 2 mm, smooth, Section 5, right-ling, left-bucc: 
Implant is placed off the neutral axis towards the buccal side perhaps causing more 
stresses on the buccal side. Buccal bone resorbed to groove. Below groove, intimate contact 
of bone to the implant exists. Bottom of implant is in cancellous bone area, but a thin layer 
of bone is being laid down in some areas. Lingually, ridge are above 1/2 of implant length. 
Along the entire length of the implant, intimate contact with dense bone exists except at 
groove where there are some bubble-like holes ( about 1/4 mm). 
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Dog 8722 (6 months post gingiva cut-back): 
RF, 3 mm, irregular, Section 8, right-bucc, left-ling: 
Implant is placed off the neutral axis towards the buccal side perhaps causing more 
stresses on the buccal side. Ridge appears to have resorbed in a level manner (no v-shaped). 
On the lingual side, the top of the bone shows a small gap. At the groove, there is a gap 
between implant and bone. Only about 1/5 of lower portion of the implant has bone contact 
Buccal side had good bone/implant contact except at the groove. Only the bottom half of the 
implant is surrounded by bone. 
RB, 3 mm, rough, Section 3, right-bucc, left-ling: 
This is a thicker section; therefore, implant outline is not as clear. Implant is placed off 
the neutral axis towards the buccal side perhaps causing more stresses on the buccal side. In 
general, bone is very spongy around implant. Lingual top of bone has intimate bone contact. 
At lingual groove and below, only spongy bone is present. Along buccal side, there is very 
little bone contact; some bridges of bone appear anchored to the implant. There are several 
points of bone contact along bottom surface. 
LF, 3 mm, smooth. Section 4, right-bucc, left-ling: 
Above buccal groove, the adjacent bone is dense and in direct contact with implant. On 
lingual side, there is a gap at the top of the ridge between implant and bone (v-shaped). The 
gap continues hairline down to the groove where there is no bone contact. Below groove and 
surrounding the comer of the implant, there is intimate bone contact. Rest of bottom and 
about 1/3 of buccal side of the implant has about 1/5 to 1/2 mm gap. 
LB, 3 mm, rough, Section 6, right-bucc, left-ling: 
Entire buccal side of implant had intimate bone contact. The adjacent bone was very 
trabecular. Lingual bone height was slightly below shoulder with no resorption of the ridge 
apparent. Bone had very intimate contact with the implant. Lower portion of implant was in 
cancellous bone; therefore, the amount of contact was not as high. 
Dog 8732 (6 months post gingiva cut-back): 
RF, 1 mm, irregular. Section 4, right-ling, left-bucc: 
Buccally, bone ridge had resorbed, but the tip of the bone is in contact with the implant. 
Along the entire side above the groove, there is a large gap (0.3 mm). Below that, bone is 
very trabecular with many bone branches attached to the surface. The bottom of the implant 
is in cancellous bone with very little bone apposition. Lingually, v-shaped resorption of bone 
(0.1 mm wide and 2 mm long) is seen. Below that, intimate contact with bone exists. Some 
trabecula are present at groove and below. 
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RB, 2 mm, irregular. Section 4, right-ling, left-bucc: 
Buccally, some resorption/gap is evident between the implant and the bone at the top of 
the ridge (1.5 mm long and hairline wide). Below that, bone contact is intimate and fairly 
dense except at the groove where the bone is fairly trabecular. Lingually a (2 to 2.5 mm long 
by 1/4 mm wide) gap with some bridging is seen. Below that there is some bone contact, but 
there are many gaps and the adjacent bone is very trabecular. There are several bone contact 
points along the bottom of the implant. 
LF, 2 mm, irregular, Section 5, right-ling, left-bucc: 
Buccally, intimate fairly dense bone apposition is evident. The bone is growing upward 
along the implant to below the shoulder. At the groove, bone is cancellous, and a large 
radiolucent area is seen. A very thin layer of bone is formed around the bottom of the 
implant. Lingually, bone is growing to and above the shoulder,;most of surface below is in 
contact with trabecular bone. At groove, there is a gap in bone. 
LB, 2.6 mm, irregular, Section 5, right-ling, left-bucc: 
Buccally, slight v-shaped resorption (0.2 mm wide and 3/4 mm long) is present. Below, 
intimate contact of trabecular bone with implant is seen. Bottom of implant has a thin layer 
of bone deposited. Lingually, at the top of ridge, there is intimate contact of bone to implant; 
a very thin layer of bone is growing along the edge. One mm below, there is a long gap (3 m 
by 0.3 mm) along the surface . Bone is very spongy below that and there are bridges of bone 
in contact with implant. 
Dog 8725 (12 months post gingiva cut-back): 
RP, 2 mm irregular. Section 6, right-bucc, left-ling: 
All of the implant adjacent to the bone has intimate contact. Buccal ridge height has 
resorbed to the top of the groove. Below the groove, bone contact is intimate. Lingual bone 
ridge has a small downward hairline gap in bone at top of the ridge. Lingual groove is filled 
completely with bone. Bottom of implant has a thin layer of bone formed. 
RB, 4 mm, irregular. Section 9, right-ling, left-bucc: 
Approximately half of the implant had fractured off. Bone is beginning to cover implant 
fracture surface from the lingual side. Below the fracture, almost the entire implant had 
intimate contact except for the buccal groove where there was a small bubble-like area (0.3 
mm wide) where no bone was present. Bottom of implant had a thin layer on about half of its 
surface covered with bone. 
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LF, 3 mm, irregular, Section 3, right-ling, left-bucc: 
Implant fractured right above the implant groove. On the buccal side, spongy-like bone is 
laid down adjacent to the implant. The entire bottom of the implant is covered with a layer of 
bone. Lingual side of implant has fairly dense bone contact. Bone is starting to form 
adjacent to the remaining implant on the higher lingual bone ridge. 
LB, 2 mm irregular, Section 6, right-bucc, left-ling: 
On the buccal side, the bone ridge has grown upward along the implant (or resorption is 
not occurring at that contact point). Lingual side of implant has very dense bone contact. At 
ridge top, bone is deposited towards lower portion of shoulder. Bottom of implant has a thin 
layer of bone deposited. Buccal side of implant has intimate bone contact except at the 
groove where there is a bubble-like gap (0.5 mm diameter). 
Dog 8734 (12 months post gingiva cut-back): 
All implants are significantly placed off the neutral axis towards the buccal side perhaps 
causing more stresses on the buccal side. 
RP, 2 mm, irregular, Section 4, right-ling, left-bucc: 
Buccally, the bone ridge has resorbed to about 1/2 of implant height. Good bone contact 
is seen all along that side. Bone is somewhat spongy. The bone has some bubble-like spaces 
opposite groove and below. The bottom of the implant has a thin layer of bone on it. 
Lingually, almost entire surface has good bone contact, but bone is trabecular especially 
opposite the groove. 
RB, 2 mm, smooth,Section 8, right-ling, left-bucc: 
Implants fractured about halfway. A layer of fairly dense bone (about 1 mm thick) has 
grown over the top. Buccally, about 1 mm layer of dense bone is adjacent to the implant with 
good bone contact. Beyond that, away from the implant, a layer of bone has large cavities. 
Bottom of implant has a very thin layer of bone deposited. Lingually, dense bone with 
intimate contact covers entire side except for a cavity at the groove. 
LF, 2 mm smooth. Section 7, right-bucc, left-ling: 
Implant fractured above the groove leaving a sliver of ceramic on top of it. Bone is 
starting to grow inward to cover the remaining implant and to surround the sliver of ceramic. 
All sides are covered with dense bone. Buccally, adjacent bone is more dense, whereas 
lingually bone is trabecular. 
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LB, 2 mm, rough, Section 5, right-bucc, left-ling: 
Buccally, the ridge has resorbed to above the groove. Below that, intimate contact is seen 
with slightly trabecular bone. The bottom of the implant shows two strands of bone growing 
inward to deposit on the surface. Lingually, bone contact is fairly tight, but bone is 
trabecular, and there is a larger cavity opposite the groove. The ridge has also resorbed in a 
slight v-shaped fashion. 
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APPENDIX 4: FLUORESCENCE SLIDE EVALUATIONS 
Note: RF (LB) denotes right, left, front, or back position of implant 
1 .. 4 mm indicates height of shoulder 
irregular, smooth, or rough indicates implant shoulder surface 
* denotes center section which has also been used for microradiography 
(#) indicates other sections which have been documented using fluorescence 
photomicroscopy 
Dog 8736 (20 days): 
RF, 1 mm, irregular. Section 5* (4, 6); 
Buccally, no fluorescence is visible on the alveolar ridge. Along the side, bone is repairing 
and mineralizing. Groove shows bone filling (appears as a woven structure). Below the 
groove, active mineralization is present to repair the bone. 
Lingually, mineralization is visible on the top of the ridge and along the sides. Groove 
shows bone repair, with most of the mineralization occurring on the injured portion of the 
existing bone. On both sides, the gap formed from drilling is filling with bone. 
RB, 1 mm, irregular. Section 5* (6, 7): 
Buccal bone is depositing on top of the alveolar ridge. Also, in areas between the ridge and 
implant, a woven type bone structure is seen. Along the entire side, bone is mineralizing 
between the fibrous tissues. The groove is filling with bone. Bottom comer also has a lot of 
bone formation in a woven pattern. 
Lingual alveolar ridge shows some mineralization. Below the ridge and along the side, bone 
appears to be depositing and reorganizing. In the groove, marrow-like cavities show external 
mineralization, and bridges from the bone to the implant are forming. 
LP, 1 mm, irregular. Section 8* (7): 
Buccal alveolar ridge shows deposition, and the gap from surgery is filling in with bone. 
Along the side, woven bone structure shows some fluorescence. The groove shows some 
mineralization. The bone structure appears woven. Bone is starting to mineralize at the 
bottom. 
The lingual alveolar ridge shows mineralization. Bone is organizing and there is both 
internal and external fluorescence. Groove and below show fibrous marrow-like tissue which 
is also mineralizing externally and internally in places. 
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LB, 1 mm, irregular. Section 4* (5): 
Buccally, mineralization is seen at the top of the alveolar ridge adjacent to the implant. 
Below the ridge, bone is remodeling, and along the side, bone is depositing in the gap. At the 
groove there are several fibrous, marrov^-like cavities which show some internal 
mineralization. This is also seen in the bottom comer of the implant. 
Lingual alveolar ridge shows mineralization especially adjacent to the implant. Along the 
side of the implant, bone is filling the gap. Groove contains unmineralized tissue and shows 
some mineralization adjacent to the implant surface. 
Dog 8724 (33 days): 
RF, 1 mm, irregular. Section 6* (7, 8): 
Buccally, several fibrous areas are seen along the side. All of them are being filled by bone. 
Some of the fibrous cavities are marrow filled and vascularized. The groove has a lot of bone 
deposition. 
Lingually, the fibrous downgrowth at the alveolar ridge is being mineralized. Some bone 
shows mineralization at the top of the ridge. Along the sides, bone is filling the space. The 
tissue in the groove also shows active mineralization. 
RB, 1 mm, irregular. Section 6* (5, 7): 
A lot of bone mineralization at the top of the buccal alveolar ridge and along the entire side is 
filling the fibrous area with bone. The fibrous cavity in groove is being filled with bone on 
exterior and interior spots. There is a fibrous area along the bottom. 
Lingual ridge shows mineralization. The fibrous cavity along the side of the implant has a lot 
of bone filling. Also, at several areas along the side and at the groove, bone formation has 
bridged from dense bone to the implant surface. Below the groove, there is also bone 
deposition. 
LF, 1 mm, irregular. Section 6* (5): 
The top of the buccal ridge shows some mineralization. Along the entire side of the implant 
fibrous areas are filling with bone. The groove has bone depositing on the exterior. Fibrous 
area appears vascularized. 
Lingually, there is bone mineralization at the top of the ridge. Above the groove and along 
the side of the implant, bone is filling the space with bone bridging across to attach to the 
implant surface. The groove has fibrous /marrow cavity which has bone forming on all sides 
and some bone bridging to the surface. 
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LB, 1 mm, irregular. Section 4* (5): 
Buccal top of the alveolar ridge shows active mineralization with bone below the shoulder. 
Some of the fibrous areas are filling with bone and are forming bridging to the implant 
surface especially in the groove where there is both exterior and interior mineralization. 
There is some mineralization below the groove. 
Lingually, some bone is depositing on top of the ridge and adjacent to the implant below the 
shoulder. Along the entire side, fibrous/marrow areas are being filled with bone both on the 
exterior and interior sides. 
Dog 8733 (1 month post cut-back): 
RF, 2 mm, rough. Section 3* (4): 
Buccal left ridge shows no fluorescence. Along the side bone is filling the space Adjacent to 
the groove and below, bone appears to be actively depositing, especially at the lower left 
comer. 
Bone is depositing on top of the lingual alveolar ridge. Along the side, there is slight 
mineralization. Unmineralized cavities in groove and below are filling with bone and 
showing mineralization on all external surfaces. 
RB, 3 mm, smooth. Section 3* (Fluorescence is hard to see in this section): 
Buccally, no fluorescence is visible at top of the ridge. Along the side, there are several 
larger marrow-like cavities which bone is filling both internally and externally. 
At top of the lingual ridge, bone is depositing in a woven fashion. Some unmineralized, 
marrow-like cavities along the side show bone forming. 
LP, 2 mm, irregular. Section 6* (4, 7) (Fluorescence is hard to see in this section): 
Buccal alveolar ridge shows minimal mineralization. Along the side, little mineralization is 
seen. Above the groove, bone is fairly close to the implant surface. At the groove and 
below, a large fibrous/marrow cavity is adjacent to the implant. At the middle of the groove, 
a spicule of bone is showing deposition of new bone. 
The lingual alveolar ridge shows bone forming and filling the gap. In the upper part of the 
groove, cells in the fibrous areas are also laying down bone. Along the side, several 
unmineralized/fibrous areas do not show much fluorescence. The bottom has one spot with 
bone contact; the rest is unmineralized. 
LB, 3 mm, rough. Section 5* (4): 
Buccally, some light mineralization is seen at the top of the alveolar ridge. Along the side, 
there is bone deposition onto the implant surface from fibrous areas. In groove and below, 
unmineralized segment is being replaced by bone externally. 
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The lingual alveolar ridge does not show any mineralization. Along the side, unmineralized 
area (some marrow-like) are showing bone deposition externally. 
Dog 8739 (1 month post cut-back): 
RF, 2 mm, rough, Section 4*(5*): 
Buccal alveolar ridge shows slight mineralization. Along the side, bone is remodeling 
throughout the width of the alveolar bone with some directly on the implant surface. The 
groove is being filled by bone at all external surfaces of the marrow cavities. The bottom of 
the implant shows bone depositing. 
Lingual alveolar ridge has bone depositing. Along the side, bone is remodeling to fill 
unmineralized cavities. Groove shows very little bone mineralization. 
RB, 3 mm, smooth, Section 6* (8): 
Buccal alveolar ridge shows significant bone deposition. Along the side, bone is remodeling 
to fill the space and shows mineralization close to the implant surface. The groove has 
almost filled in completely. Below the groove, bone is depositing on the implant surface. 
Bottom of implant also has bone depositing. 
Lingual alveolar ridge has bone depositing. Along the side, unmineralized spots appear to be 
filling with bone. In the groove, cell in the unmineralized areas are depositing bone on all 
external surfaces. 
LF, 3 mm, irregular. Section 4* (5): 
Buccal alveolar ridge has depositing bone, especially in gap area between bone and implant. 
Along the side, woven type bone appears to be mineralizing to more compact bone (above 
the groove). The groove has an unmineralized cavity that shows significant bone deposition 
on all sides. Along bottom corner, there is a lot of bone deposition. 
At the lingual alveolar ridge, the fibrous/unmineralized downgrowth is being filled with 
bone, especially on implant side. Along the side, unmineralized cavities show external bone 
deposition. 
LB, 3 mm, rough. Section 5* (A severe fibrous capsule is present buccally): 
The buccal alveolar ridge shows bone deposition adjacent to the fibrous downgrowth. At the 
bottom comer, there is a spicule of bone which shows some mineralization in one part. 
Along the entire bone/fibrous interface, there is bone mineralization. 
Lingual alveolar ridge also shows bone deposition. The fibrous layer along implant has 
slight bone deposition. The bone deposition is more intense on all external surfaces in the 
groove. Bottom left corner shows significant bone deposition. 
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Dog 7934 (3 months post cut-back): 
RF, 2 mm, smooth, Section 4* (5) : 
Buccal bottom comer has bone depositing. Unmineralized trabecular structures are filling in 
with bone. The top of the buccal alveolar ridge has some mineralization especially adjacent 
to the implant. 
Lingual alveolar ridge has bone being deposited. Unmineralized areas along the side and 
groove are being filled with bone. The bottom of the implant shows bone being mineralized. 
RB, 3 mm, irregular, Section 6* (5) : 
Mineralization on buccal alveolar ridge is minimal adjacent to the implant interface. Spicules 
of fibrous tissue along implant have depositing bone. The bottom surface of the implant has 
bone depositing especially on the buccal side. 
On the lingual side from mid-groove to around the bottom comer, the fibrous layer is 
showing scattered areas where bone is being laid down. Along the entire side above the 
groove, bone is being deposited. There is not much mineralization at the top of the alveolar 
ridge. 
LF, 3 mm, rough, Section 4* (5, 3): 
On the buccal side, bone is depositing along the bottom of implant especially on the buccal 
side. Below the groove, slight mineralization is seen. In the upper part of the groove, bone is 
being deposited. There is no mineralization at the top of the alveolar ridge. 
Little mineralization is occurring on top of the lingual alveolar ridge. Adjacent to the implant 
directly below the v-shaped bone downgrowth, bone is actively depositing (filling in 
trabecula). The groove is being filled bone directly adjacent to the implant. 
LB, 3 mm, smooth. Section 4* (3, 5): 
On the buccal side, there is no bone depositing on top of the alveolar ridge. Trabecular and 
fibrous areas are filling with bone along side and in groove. 
On the lingual side there is no fluorescence present on top of the ridge. Bone is filling areas 
adjacent to bone. Slight mineralization at the center of the groove is seen inwards from the 
cortical bone. No mineralization is evident below the groove. 
Dog 8730 (3 months post cut-back): 
RF, 2 mm, rough. Section 6 (7): 
The buccal alveolar ridge appears scalloped with not much fluorescence. At the groove, 
marrow is filling with bone. Along the side, some mineralization is visible. Good bone 
remodeling is occurring throughout the bone. Along the bottom, marrow is filling with bone. 
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On the lingual side, some fluorescence is seen along the ridge and in the groove. The marrow 
cavities are being filled with bone. Some osteon rings adjacent to or on the implant surface 
are seen. 
RB, 3 mm, irregular. Section 5* (6): 
Buccally, major resorption is demonstrated by the presence of scalloped bone edges. Some 
bone mineralization is occurring at lower part of the groove to fill the marrow cavity. Bottom 
area shows bone deposition inward at marrow cavities. 
Lingually, slight mineralization is evident at top of the alveolar ridge. Bone is filling the 
groove; several marrow cavities show bone deposition. Along the side, there is some 
remodeling. The bottom of the implant shows some bone deposition. 
LF, 2 mm, smooth, Section 6* (4, 7): 
Buccal alveolar ridge shows minimal fluorescence. Adjacent to the groove, an osteon is 
remodeling. Along the entire side, bone has intimate contact with the implant. Some spots 
of bone contact are seen along the bottom of the implant with more bone depositing inward at 
the marrow cavities. 
The lingual alveolar ridge shows bone deposition in one area. Along the side, several 
marrow cavities show active mineralization. Along the bottom of the implant, bone is being 
formed around the marrow cavity and bridging with the implant. 
LB, 2 mm, rough. Section 5* (6): 
The buccal alveolar ridge shows light bone deposition with some marrow cavities filling with 
bone. There are bridging canals from marrow towards the implant surface. 
Lingual alveolar ridge shows some fluorescence but no apparent bone deposition. Along the 
side, there is not a lot of bone deposition. Bone appears to be compact. A marrow cavity is 
present in the groove. At the lower portion of the implant, there is a large marrow cavity 
present which has bone depositing on some external surfaces. It has bridging bone to the 
implant surface. 
Dog 8722 (6 months post cut-back): 
RF, 3 mm, rough. Section 8* (6, 7) : 
On the buccal side, there is some mineralization at the top of the alveolar ridge. Active bone 
deposition is found throughout the alveolar bone. There is an unmineralized layer adjacent to 
the implant. Some mineralization is seen in the groove and below adjacent to the implant. 
Some bone deposition is occurring on the bottom of the implant. 
Very little bone deposition is occurring on the lingual alveolar ridge and adjacent to the 
implant. The groove and regions adjacent to the implant show some mineralization. 
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RB, 3 mm, smooth, Section 3* (5): 
Overall there are several marrow sections adjacent to the implant on the buccal side and the 
bottom. Buccally, bone is depositing adjacent to the implant, but there is no fluorescence 
visible on top of the alveolar ridge. At the lower portion of the groove, there is some 
mineralization. No mineralization is visible along the bottom of the implant. 
Lingually, some bone mineralization on top of the ridge is occurring with bone depositing 
adjacent to the implant. The groove is being filled. There is no active mineralization around 
the bottom of the implant. 
LF, 3 mm, rough. Section 4 * (5): 
Buccally some mineralization is apparent at top of the alveolar ridge. Bone is being 
deposited directly adjacent to the implant. The fibrous layer at the groove and below is 
partially being filled. Part of the fibrous layer is marrow. 
Lingually, no mineralization is seen at the top of the alveolar ridge. A lot of bone is 
depositing adjacent to the implant. There is a v-shaped bone gap visible. A fibrous part in 
the groove is filling. Bone has deposited at the bottom right side. 
LB, 3 mm, irregular. Section 6* (7): 
In general, there are several marrow cavities surrounding the implant. Buccally, the alveolar 
ridge shows no mineralization. Bone remodeling is seen around the implant especially in the 
groove. Some deposition of bone is occurring below the groove. 
Lingually, the alveolar ridge has no significant mineralization. Along the entire side above 
the groove, there is active deposition of bone. At the groove, there is not much remodeling. 
Some deposition of bone is seen at the comer of the implant. 
Dog 8732 (6 months post cut-back): 
RF, 1 mm, irregular. Section 4* (3): 
Buccally, a fibrous downgrowth is seen halfway to the groove. The alveolar ridge shows no 
significant fluorescence. Along the side, there is significant remodeling, some directly at the 
interface. Groove shows one remodeling osteon and some nonmineralized regions. 
Lingual bottom has a large marrow cavity adjacent to it, with a thin layer of bone depositing. 
80% of left side is covered with fibrous tissue. The alveolar ridge shows some 
mineralization. At groove, the marrow-like cavity shows bone deposition adjacent to the 
implant surface. 
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RB, 2 mm, irregular, Section 4*: 
Buccally, there is a fibrous downgrowth from the alveolar ridge. Along the side, there is 
bone depositing. In the groove, the cells in a marrow cavity are externally depositing bone 
on the lower portion to fill the groove. 
Lingually, no significant mineralization is seen on the alveolar ridge. Active bone 
deposition/remodeling is seen below the ridge. Several fibrous capsules are present along the 
side. Exterior to the fibrous capsules there is bone mineralization. Towards the bottom of 
the implant, the cells of the marrow cavities are externally depositing bone. 
LF, 2 mm, irregular, Section 5* (3,4, 6): 
The very top of the buccal alveolar ridge just below the shoulder has bone upgrowth. This is 
depositing bone next to the implant. Active remodeling along the entire side is seen. The top 
portion of the groove has several osteons directly at the interface. A large marrow cavity at 
the bottom portion of the implant shows slight mineralization. The bottom of the implant has 
some bone depositing. 
The lingual alveolar ridge has had a significant amount of bone deposited. Along the side, 
bone is remodeling/depositing; some is directly adjacent to the surface. Some 
nonmineralized areas are interspersed. The groove shows a marrow-like cavity which is 
mineralizing externally. 
LB, 2.6 mm, irregular. Section 5* (4,6): 
Some mineralization is seen at top of the buccal alveolar ridge. A small fibrous downgrowth 
is present. Along the side, active bone deposition is bridging to the implant. At the groove, a 
fibrous/marrow-like cavity is seen. Bone is depositing on the bottom of the implant. 
Lingually, bone is growing upward against the shoulder. Below the shoulder, bone is 
remodeling against the implant. A fibrous area, which may be partially marrow, is located 
above the groove and along most of the groove. Below the groove, part marrow and part 
bone is in contact with the implant. Marrow shows some external mineralization. 
Dog 8725 (12 months post cut-back): 
RF, 2 mm, irregular. Section 6* (7): 
Buccal ridge has resorbed to the top of the groove at which point some mineralization 
appears. The groove is being filled by large osteon. Some mineralization is evident along 
the side. A large marrow cavity along the bottom shows significant bone deposition on the 
buccal side. 
Lingually, slight mineralization is evident on top of the alveolar ridge. Good bone 
remodeling is occurring along the entire side of the implant. Some bone is being deposited 
adjacent to the implant surface. Marrow cavities are scattered throughout. The bottom has 
some deposition of bone. 
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RB, 4 mm, irregular, Section 9* (8) (Implant fractured 2 mm above the groove): 
Top of the buccal ridge has bone deposition. Along the side, there are several areas where 
there is bone forming/remodeling at surface. Adjacent to the groove, bone is actively 
remodeling. Below the groove, the implant is next to the tooth root. Bone is present between 
the implant and the tooth root. Also, a marrow cavity is located at the bottom of the implant. 
Lingually, bone adjacent to fracture is rapidly growing towards and over the implant. There 
is some mineralization along the side of the implant. At the groove, there are several 
marrow-like cavities showing slight bone deposition. At the bottom comer, bone is forming. 
LF, 2 mm, irregular. Section 3* (2) (Implant fractured at the groove) : 
The buccal alveolar ridge appears to be depositing bone. No fluorescence is visible on top of 
the implant above the fracture. Along the entire side there is remodeling, some directly 
forming bone on the implant surface. Along the bottom there is bone being laid down and 
some bridging from bone spicules. 
On the lingual side above the implant, bone is starting to fill the space, but no fluorescence is 
visible. Some marrow cavities are seen around the implant. Below the groove, bone is 
remodeling adjacent to the implant. 
LB, 3 mm, irregular. Section 6* (3): 
Active mineralization is present on top of the buccal alveolar ridge. Some remodeling is seen 
along the side, but there is no intense fluorescence. The groove has a marrow cavity which 
has external deposition of bone. Below the groove and along the bottom, the bone has 
intimate contact and shows some mineralization. 
The top of the lingual ridge is growing to the shoulder. Some remodeling is seen throughout 
the bone adjacent to the implant. The groove has a marrow-like cavity which is actively 
being filled with bone. Below the groove, marrow cavities in contact with the implant are 
being replaced to bridge with bone mostly on the exterior. 
Dog 8734 (12 months post cut-back): 
RF, 2 mm, irregular. Section 4* (5): 
Buccal alveolar ridge shows deposition of bone. Along the side, there is a lot of bone 
especially on external sides of the marrow cavities. The tissue in the groove shows 
mineralization. The bottom has a thin layer of bone present and more bone appears to be 
forming from marrow cavities internally and externally. 
The lingual alveolar ridge shows slight mineralization. Along the side, there is excellent 
remodeling with some bone deposition directly on the implant surface. Marrow cavities are 
showing significant bone deposition externally and internally. At the groove, there is 
significant bone deposition on external sides of marrow cavities (especially on implant side). 
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RB, 2 mm, smooth. Section 8* (6, 7) (Implant has fractured off and bone has overgrown 
implant): 
Buccal alveolar ridge shows bone depositing above the implant. Remodeling and 
mineralization is seen along the side. The tissue in the groove shows mineralization of 
fibrous areas adjacent to the surface. At the surrounding marrow cavities, there is significant 
mineralization on external surfaces. The bottom of the implant is in marrow, but bone is 
forming between. 
Lingually, right above the implant, active remodeling is seen with some bone deposition 
directly on the implant surface. Along the side, there is good remodeling. The tissue in the 
groove has a remodeling osteon. Marrow cavity is filling with bone on all sides, especially 
on the implant side. 
LF, 2 mm, smooth. Section 7* (6, 8) (Implant has fractured off with a ceramic sliver left on 
top): 
Buccal alveolar ridge shows a lot of bone deposition. Bone is growing over the implant. 
Along the side, there is a fair amount of bone remodeling and filling in. 
The lingual alveolar ridge shows bone depositing and growing over the implant. Along the 
side there is remodeling, with some deposition directly on the surface. Marrow-like cavities 
are mineralizing on all external sides. 
LB, 2 mm, rough. Section 5* (6): 
Buccal left alveolar ridge shows mineralization. Along the side, there is bone remodeling. 
Marrow cavities adjacent to the groove have significant external bone deposition. 
Lingual bone is mineralizing along the top of the alveolar ridge. Along the side, there is 
remodeling and bone deposition. Marrow cavity adjacent to the groove shows significant 
mineralization on all surfaces. Below the groove, much bone growth is seen. Along the 
bottom of the implant, a thin layer of bone is being laid down between implant and marrow 
cavity. 
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APPENDIX 5: LIGHT MICROSCOPY SLIDE EVALUATIONS 
Note: RP (LB) denotes right, left, front, or back position of implant 
1 .. 4 mm indicates height of shoulder 
irregular, smooth, or rough indicates implant shoulder surface 
Dog 8736 (20 days): 
RF, 1 mm, irregular: 
Buccally, the soft tissue adjacent to the top and sides of the shoulder and below the 
connective tissue has a large pocket of inflammation containing neutrophils and granulation 
tissue. Considerable new bone is forming along the implant. The groove and area below 
have marrow/fibrous cavities present adjacent to the implant. Much remodeling/repair is 
occurring below the implant. Half of the groove has filled with bone. Bone is bridging to the 
implant surface and has a woven-type structure. Bone is being deposited along the bottom of 
the implant; osteoblasts are present. 
RB, 1 mm, irregular: 
Dense connective tissue has covered the implant, there are no pockets of inflammation and 
the very few inflammatory cells which are present are mainly neutrophils. Bone has filled 
gaps and is bridging to the implant surface. Along the implant sides, there are several fibrous 
areas present. The bone height is directly below the shoulder. 
LF, 1 mm, irregular: 
Dense connective tissue has covered the implant. There are very few inflammatory cells 
present. Ceramic debris is visible in the soft tissue adjacent to the shoulder. Hemosiderin is 
present in the connective tissue. Along the implant sides, bone has bridged to the implant 
surface. Around the bottom of the implant, there is a considerable amount of marrow and 
fibrous tissue present. Bone height is directly below the shoulder. Bone is being deposited 
upwards toward the lingual shoulder. 
LB, 1 mm, irregular; 
Dense connective tissue has formed a cover over the implant. There is a slight bit of 
inflammation below the connective tissue on top of the shoulder at the center. Bone has 
bridged to the implant surface and immature bone can be seen adjacent to the implant. 
Grooves and below show marrow areas with some fibrous tissue. 
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Dog 8724 (33 days): 
RF, 1 mm, irregular: 
The entire shoulder is encased by a parallel-oriented fibrous layer. Hemosiderin is present in 
the connective tissue. Some inflammatory cells, especially neutrophils, are adjacent to the 
surface. There is a v-shaped fibrous area at the top of the ridge. It is probably still present 
from the surgical procedure. The lingual groove is partially filled with new bone, whereas 
the right groove has a marrow-like cavity. The fibrous cavities are lined with bone cells. 
Also the lingual side has a fibrous growth area. Along the bottom of the implant, there is a 
fibrous marrow-like area. Along the implant interface, intimate contact exists with bone. 
RB, 1 mm, irregular 
A dense connective tissue layer covers the top of the implant. No inflammatory cells 
arepresent. Hemosiderin is present in the connective tissue. The bone height is right below 
the shoulder with intimate contact on the buccal side and further below on the lingual side. 
Bone has formed intimate contact with the implant surface with some unmineralized/fibrous 
areas present. Grooves have partially filled with bone with the buccal groove having direct 
bone contact with the implant surface. Most of the implant bottom is adjacent to marrow. 
LF, 1 mm, irregular: 
The entire top of the shoulder is encased by a parallel-oriented fibrous layer. A thick layer of 
hematoid with hemosiderin is present. Inflammatory cells are present adjacent to the center 
portion of the top of the shoulder. Bone has filled the gaps at the top of the ridge. The left 
side has some fibrous areas at the interface. The groove is filled with fibrous/marrow like 
tissue which is lined with osteoblasts. The bottom of the implant has a fibrous layer and 
marrow present. The right groove has a fibrous cavity, and some fibrous areas are present 
along the side of the implant. 
LB, 1 mm, irregular: 
A large band of inflamed tissue surrounds the entire shoulder. The inflammation includes 
granulation tissue and is filled with neutrophils and macrophages. Loose debris is also seen 
underneath the tissue. This is probably particles from ceramic degradation. Along the sides 
of the shoulder, foreign body response is shown by the presence of multinucleated cells. 
Along both sides, fibrous tissue is present especially in the groove. Interspersed are bony 
contact areas. The bottom of the implant shows woven bone formation from the marrow 
cavities. 
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Dog 8733 (1 month post cut-back): 
RF, 2 mm, rough: 
Buccally, tissue is growing over the shoulder. The tissue has good to loose contact with an 
inflammation pocket (neutrophils) below the connective tissue (plasma cells). The wide band 
of collagen fibers is oriented parallel to angled and show some ingrowth. In the bone of the 
alveolar ridge, a fibrous area is seen below the ridge. 
Lingually, the tissue is attached as far as the top of the shoulder band, has good to loose 
contact, but has a pocket of inflammation below. The collagen fibers are oriented 
perpendicularly in a thin band. A bony upgrowth below the shoulder is seen. 
Generally, several fibrous/marrow-like cavities are present around the lower portion of the 
implant. 
RB, 3 mm, smooth; 
Buccally, tissue height is to about half of the shoulder band. Pockets of inflammation are 
present with neutrophils especially lining the surface and scattered throughout. Tissue has 
intimate contact with the implant surface. Collagen fibers are oriented parallel with plasma 
cells present. 
Lingually, very little inflammation is present. The connective tissue is in close proximity to 
the epithelium and has intimate contact. Tissue height is almost to the top of the shoulder. 
The collagen fibers are oriented parallel and appear to have a tight attachment of their wide 
band with some ingrov^h present. 
In general, the bone has several non-mineralized parts. Hemosiderin is present in the 
marrow. The lower part of the implant is located in marrow with the buccal side of the 
bottom having a fibrous layer oriented parallel with the implant surface. The bone does not 
appear very mature and has a loose structure with only a few osteoblasts lining the cavity. 
LF, 2 mm, irregular: 
Buccally, the tissue height is to the top of the shoulder band. There are neutrophils present. 
Soft tissue contact is loose. The collagen fibers are oriented mostly parallel with some 
oriented perpendicularly directly above the bone ridge. Ingrowth of the connective tissue 
fibers is seen. 
Lingually, tissue is at the top of the shoulder and shows essentially no inflammation. 
Collagen fibers are oriented parallel and show some ingrowth. Multinucleated cells are 
present along all the connective tissue/implant interface. 
Generally, a marrow cavity along the bottom and right side shows a fibrous layer. 
Osteoblasts are found lining the unmineralized cavities. There are also several fibrous spots 
along the interface. 
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LB, 3 mm, rough: 
Buccally, tissue height is to almost below the shoulder with loose contact and inflammation 
present. Collagen fibers are randomly oriented, partly parallel and partly perpendicular. 
Inflammatory cells are present in the connective tissue. 
Lingually, tissue height is at about half the height of the shoulder band. It has loose contact 
and neutrophils cells are present. The collagen fibers are oriented in a perpendicular 
direction and the connective tissue has plasma cells present. 
Generally, the tissue surrounding the implants has marrow/fibrous areas present. Several of 
the fibrous areas show parallel oriented collagen fibers. Hemosiderin is present in the 
marrow. The bone appears to have an immature structure with a lot of marrow spaces. Few 
osteoblasts are seen lining the bone cavities. Some pockets of inflammation, containing 
neutrophils, are also seen along the interface. 
Dog 8739 (1 month post cut-back): 
RF, 2 mm, rough: 
Plaque accumulation is seen on the osteoceramic. Buccally, tissue height is almost to the top 
of the shoulder. The epithelium appears to be keratinized. It has loose contact with a pocket 
of inflammation (neutrophils) present. The collagen fiber orientation is parallel, but some 
ingrowth is present. 
Lingually, keratinized tissue has grown over the shoulder, but a pocket of inflammation is 
present below the epithelium. Ceramic degradation particles are seen in the tissue. Close to 
the plaque accumulation, the implant surface is lined with neutrophils and multinucleated 
cells. The tissue contact is good. The collagen fiber orientation is perpendicular with some 
ingrowth present. The lingual bone height is almost below the shoulder. 
In general, the bone has good contact with the implant surface. Osteoblasts and osteocytes 
are seen directly on the surface. Unmineralized areas are seen along the interface. Marrow is 
present around the bottom of the implant. A thin layer of bone is forming. 
RB, 3 mm, smooth: 
A thick layer of plaque is seen on top of the shoulder. Buccally, the epithelium has no 
contact with the implant, and the tissue height is at the bottom of the shoulder. Considerable 
inflammation (neutrophils) is present. Collagen fiber orientation is perpendicular with some 
ingrowth present. Plasma cells are present in the connective tissue. 
Lingually, tissue height is to the top of the shoulder and the tissue appears to be keratinized. 
Very loose contact exists with the top of the shoulder implant surface. Below that a pocket of 
inflammation is present. A layer of ceramic has sheared off the shoulder. The implant 
surface is lined with neutrophils and some multinucleated cells. Collagen fibers are oriented 
in a thin perpendicular band. 
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In general, several unmineralized areas are seen along the sides, otherwise good bone contact 
exists. The bottom of the implant is in part bone part, marrow/fibrous tissue. The implant 
shoulder has plaque accumulation. 
LF, 3 mm, irregular: 
Buccally, tissue height is below the shoulder. Soft tissue has no contact with the implant. 
Inflammation is present with neutrophils close to the surface. The surface of the implant has 
accumulated bacteria and plaque on it. Below the alveolar ridge, a fibrous downgrowth is 
present. The connective tissue contains plasma cells and also some hemosiderin. 
Lingually, tissue height is almost to the top of the shoulder, but there is no contact of the 
epithelium with the implant. Neutrophils are more populated on the surface but are also 
present in the adjacent tissue. 
On both sides, a thin band of collagen fibers is partially angled, partially parallel to the 
implant surface. Some inflammatory cells (plasma cells) are present. Overall, there is some 
bone contact with some fibrous areas. Osteoblasts are seen lining the unmineralized cavities. 
The bottom of the implant is in marrow, but a thin layer of bone has formed as demonstrated 
by the presence of osteocytes and osteoblasts . 
LB, 3 mm, rough: 
A layer of debris/accumulated plaque and bacteria is present along the entire shoulder. 
Buccally, tissue height is at the top of the shoulder, but no contact is evident. A pocket of 
extreme inflammation has formed below. The inflamed tissue contains neutrophils, 
granulation tissue and plasma tissue. Fibrous tissue is present along the entire buccal side of 
the implant. 
Lingually, inflammation is present along the entire side of the shoulder/tissue interface. A 
big pocket of inflammation is present below the shoulder. It contains neutrophils. The 
collagen fibers are oriented perpendicular and angled with some ingrowth present. Bone is 
present only along the lingual side and about a third of the implant bottom. 
Dog 7934 (3 months post cut-back): 
RF, 2 mm, smooth: 
Only a thin layer of plaque is present on the osteoceramic. Lingually, a very small band of 
inflammation with neutrophils is seen. Epithelium is keratinized. The supportive connective 
tissue is close to the overlying soft tissue. 
Buccally, a larger band of pocket-like inflammation, containing granulation tissue, is present. 
Hemosiderin is present in the connective tissue above the alveolar ridge. 
In general, the soft tissue has intimate attachment to the implant surface. The tissue height is 
to about shoulder midline. The collagen fiber orientation is mostly parallel on both sides 
with some fibers angled at about 45°. Plasma cells are present and fibrous ingrowth is seen. 
198 
The implant surface on both sides appears rough. This may be due to the grooving effects 
from the lathe process. There is some fibrous tissue present along the interface. Interspersed 
are places where osteocytes are directly on the surface with no fibrous tissue at all. 
Osteoblasts are seen on the lining cavities of the unmineralized tissue. 
RB, 3 mm, irregular: 
Lingual side has little inflammation of the soft tissue; some neutrophils are present. 
Buccal soft tissue has a sulcus and no direct tissue contact. The tissue height is to about 
shoulder bottom. Inflammation pockets contain neutrophils on surface and also plasma cells 
in the connective tissue. 
On both sides, collagen fibers are oriented perpendicular to the implant, but the fibers are 
short in length. There are inflammatory cells present in the connective tissue, with several 
multinucleated cells on surface. Hemosiderin is in the connective tissue on top of the 
alveolar ridge. The bone shows direct intimate contact with the implant surface. There are 
several fibrous areas along the side of the implant. A large fibrous capsule, with parallel 
oriented fibers is present at the lower lingual comer of the implant. 
LF, 3 mm, rough: 
Buccally, soft tissue height is below the shoulder band. Neutrophils and plasma cells are 
present. Hemosiderin is present on top of the alveolar ridge. 
Lingually, the epithelial tissue height is to the top of the shoulder. A band of inflammation 
containing neutrophils, granulation tissue and plasma cells reaches down to below the 
shoulder. There is a v-shaped downgrowth with inflammation. 
On both sides, collagen fiber orientation is partly parallel, partly angled at 45°. Inflammatory 
cells are present in connective tissue. Several fibrous areas are present along the interface. 
The lower right portion of the implant has marrow present. Towards the bottom of the 
implant, new bone layer adjacent to the implant is oriented parallel, whereas the old bone is 
randomly oriented. Resorption was seen on the buccal and lingual ridges. The bottom of the 
implant has a layer of bone. 
LB, 3 mm, smooth: 
Buccally, tissue height is at the bottom of the shoulder. On this side of the shoulder, 
considerable debris and plaque are seen. 
Lingually, tissue height is at the top of the shoulder, but a band of inflammation is seen along 
the shoulder bottom. 
Inflammation pockets, containing neutrophils and plasma cells, are evident on both sides . In 
general, collagen fibers are oriented partly parallel, partly angled at 45°. Tissue ingrowth is 
evident and some plasma cells are present in the connective tissue. A marrow cavity is seen 
along the lingual side. There is bone and marrow present along the bottom of the implant. 
The buccal groove shows the presence of marrow cavity. There are osteoblasts at the implant 
surface. 
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Dog 8730 (3 months post cut-back): 
RF, 2 mm, rough: 
Plaque accumulation is visible on the osteoceramic surface. Buccally, tissue height is about 1 
mm below the shoulder. There is close contact. Neutrophils are present in the soft tissue 
indicating a pocket of inflammation is present. 
Lingually, the soft tissue height is below the shoulder and has loose contact with the implant 
surface. Inflammation containing neutrophils is present. Collagen fiber orientation is 
parallel with some ingrowth seen. 
A broad band of connective tissue is present on the buccal side, whereas the lingual side has a 
narrower band of cormective tissue. Inflammatory cells (mostly plasma cells) are present in 
the connective tissue which is filled with dark matter. 
The height of bone has receded to the level of the groove, and the alveolar ridge appears 
scalloped. There is fibrous tissue present in both grooves and there is some at the bottom. 
The bone has close contact with some interspersed fibrous tissue. 
RB, 3 mm, irregular: 
Plaque accumulation is seen on the osteoceramic. The soft tissue height is below the 
shoulder with connective tissue directly underlying the soft tissue. A little inflammation with 
very few neutrophils is seen. But contact is not very intimate. The inflammation bands are 
not very wide. Hemosiderin is present in the connective tissue. 
A long band of collagen fibers is oriented parallel. There is tight contact and ingrowth 
present. Connective tissue has plasma cells present. Very little fibrous tissue is seen around 
the implant. Bone height is at the level of the groove on the buccal side and slightly higher 
on the lingual side. Several marrow cavities are seen on the buccal side among the alveolar 
bone. 
LF, 2 mm, smooth: 
Plaque has accumulated on the osteoceramic. Buccally, tissue height is about 1 mm below 
the shoulder. Some neutrophils are present. Collagen fiber orientation is parallel. 
Lingually, soft tissue height is below the shoulder. On both sides soft tissue contact is loose 
with neutrophils present especially adjacent to the ceramic surface. Collagen fiber 
orientation is partly parallel, partly angled with tissue ingrowth present. Connective tissue 
has plasma cells present. 
In general, there is fairly intimate bone contact all around the implant. A few areas with 
fibrous tissue are present. Buccal side has resorbed to mid groove. The top of the ridge 
appears scalloped on both sides. 
LB, 2 mm, rough: 
A large layer of plaque and debris has accumulated on the osteoceramic. Buccally, tissue 
height is below the shoulder with some contact of the tissue with the implant present. 
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Lingually, tissue height is below the shoulder. There is a surface layer of cells visible. There 
might be epithelial cells. Soft tissue contact is loose. Inflammation of the soft tissue is 
present on both sides. The inflammatory cells include neutrophils, multinucleated cells, 
macrophages and plasma cells. Collagen fiber orientation is parallel on both sides, with a 
thicker connective tissue band on the buccal side. There is slight inflammation. Bone height 
is level with the groove on the lingual side and above the groove on the buccal side. Along 
the implant, some fibrous areas are present with generally good bone contact. A part of the 
implant broke off the bottom. This is partially encased by bone and partially by inflamed 
fibrous tissue containing neutrophils. 
Dog 8722 (6 months post cut-back): 
RF, 3 mm, rough: 
A thick layer of plaque has accumulated on top of the ceramic. This implant appears to have 
a crack along the bottom portion. 
Buccally, there is a gap present below the shoulder, and the tissue height is about half way on 
the shoulder band. 
Lingually, tissue height is at top of the shoulder, but there is a large inflammation area, 
containing neutrophils, below the shoulder. At the shoulder, soft tissue contact is close, but 
plaque appears to be inhibiting direct attachment. 
On both sides, collagen fiber orientation is perpendicular to slightly angled with plasma cells 
present in the connective tissue. The fibrous band is very narrow. Both sides have 
hemosiderin present in the connective tissue. 
Bone shows close contact with some fibrous areas present. The grooves show fibrous 
cavities with granular tissue. Bottom of the implant has a layer of bone on the buccal side, 
but fibrous/marrow tissue is present on the lingual side. 
RB, 3 mm, smooth: 
Buccally, there is some inflammation present. Connective tissue is close to the soft tissue but 
has plasma cells present. Collagen fiber orientation is parallel at the upper part of the 
connective tissue band and perpendicular directly above the bone. 
Lingually, tissue height is almost to the top of the shoulder, but there is inflammation 
(neutrophils) present along the shoulder. Connective tissue is in close apposition to the 
epithelium. Connective tissue fibers are oriented perpendicularly on top and parallel below 
due to fibrous layer along the lingual side. A fibrous capsule reaches to the bottom of the 
groove. 
Buccal groove has a fibrous layer present. This has a thick collagen fiber layer towards the 
implant side and more marrow-like tissue towards the opposite side. Marrow is seen at the 
bottom of the implant. It is with partly fibrous tissue, partly bone. Unmineralized cavities 
have osteoblasts lining them. 
201 
LF, 3 mm, rough: 
Buccal soft tissue shows only slight contact with the implant surface. A layer of plaque may 
be interfering with attachment. Inflammation, with neutrophils, is present, and the 
cormective tissue shows some multinucleated cells. There is some connective tissue 
attachment to the shoulder. Below the shoulder, a pocket of inflammation is present. Tissue 
height is almost at the top of the shoulder. 
Lingually, a surface layer of cuboidal cells is visible. This runs adjacent to the implant 
surface. This soft tissue has little connective tissue support and has neutrophils present. 
Tissue height is almost to the top of the shoulder. 
Collagen fiber orientation is perpendicular, slightly angled, with a very thin band on the 
buccal side. On the lingual side, collagen fiber orientation is fairly parallel. 
Fibrous tissue is present in the grooves. Fibrous downgrowth containing plasma cells is 
present on the left. Collagen fibers are banded thicker on the implant side, and tissue is more 
marrow like on the side opposite to the implant. The bottom of the implant is located in 
marrow. 
LB, 3 mm, irregular: 
Buccal tissue height is almost to the top of the shoulder. A layer of cuboidal cells is present 
adjacent to the implant with close contact, but plaque has accumulated on the shoulder. 
Lingual tissue height is almost to the top of the implant. Tissue contact has several loose 
spots. Inflammation pockets, with multinucleated cells, are present below the shoulder and 
neutrophils. 
Collagen fiber orientation is perpendicular with tissue ingrowth. 
A lot of marrow is seen along the buccal side especially towards the bottom of the implant. 
Some fibrous areas are present. Bridges of bone are located within the marrow, where 
osteoblasts are seen lining the cavities. The bottom of the implant has a thin layer of new 
bone formed. This is part fibrous along the marrow/implant interface. 
Dog 8732 (6 months post cut-back): 
RF, 1 mm, irregular: 
The osteoceramic has a surface layer of plaque. The gingiva has grown back over the 
implant after the cut-back. There is a thick band of inflammation present adjacent to the 
shoulder. It contains neutrophils and some multinucleated cells directly adjacent to the 
surface. A cluster of plaque trapped by the overgrown tissue has been encased by a thick 
layer of neutrophils. The collagen fiber orientation is mostly parallel with some angled. 
Ingrowth of connective tissue was observed. Connective tissue height is almost to the top of 
the shoulder. 
202 
On the lingual side a fibrous band is present along almost the entire implant side. The fibrous 
cavity has a thick collagen fiber layer on the implant side, but it appears more marrow like on 
the opposite side. On the buccal side, some fibrous downgrowth is visible. Almost the entire 
implant bottom is in marrow. Some unmineralized spots are visible. A thin bone layer 
appears to be forming. 
RB, 2 mm, irregular: 
Tissue height is almost to the top of the shoulder. The buccal epithelium has fairly close 
contact with the implant surface, but a band of inflammation with neutrophils is present. The 
lingual side has loose contact with the implant surface. This may be due to the underlying 
ceramic shearing off. Neutrophils are present indicating inflammation. The epithelial 
structure on this side is keratinized. 
The connective tissue is oriented parallel with some areas of ingrowth visible. Some 
multinucleated cells and plasma cells are present. The height of the connective tissue on both 
sides is at the bottom of the shoulder. 
A fibrous capsule downgrowth from the top and in the buccal groove is present. The fibrous 
layer closer to the implant surface appears thicker, with collagenous fibers present, than the 
more marrow-like layer on the opposite side. Marrow is in contact with the implant around 
the bottom buccal comer. There is a layer of bone and unmineralized tissue along the 
bottom. Several fibrous areas are present around the implant. 
LF, 2 mm, irregular: 
Gingival tissue has grown back over the implant enclosing infected areas. A layer of 
neutrophils is seen adjacent to the surface with granulation tissue also present Collagen 
fibers with tight attachment are orientated parallel on the buccal side. Connective tissue 
height is at the level of the lower part of the shoulder. Collagen fiber orientation is 
perpendicular on the lingual side. Lingual connective tissue has grown to above the shoulder, 
but a pocket of inflammation is present adjacent to the surface. 
Lingual bone height is to the middle of the shoulder band. A new bone layer is seen on top 
of the alveolar ridge. The buccal side shows new bone below the shoulder. The lingual side 
shows a fibrous layer along the entire side. This layer has collagenous fibers on the implant 
side and is more marrow like on the opposite side. The entire implant bottom is in marrow 
with a thin layer of bone and fibrous tissue. Good bone contact exists with some significant 
bone deposits. 
LB, 2.6 mm, irregular: 
A ceramic particle has sheared off the surface and has been encased by soft tissue. Tissue has 
almost grown back over the implant causing a pocket of inflammation. Along the shoulders, 
neutrophils and granulation tissue are seen. The implant surface shows accumulation of 
plaque and bacteria. Collagen fiber orientation is parallel towards the top of the implant, and 
perpendicular above the bone. Some ingrowth is visible. Connective tissue has plasma cells 
present. 
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Marrow is present in the both grooves, below it and around the bottom. The lingual groove 
has some fibrous areas. Lingual side has a thin unmineralized layer along the interface. 
Dog 8725 (12 months post cut-back): 
RF, 2 mm, irregular; 
Plaque is visible along the side of the shoulders. Buccal tissue height is below the shoulder. 
Soft tissue contact with the implant is loose, and a large band of inflammation reached down 
from the bottom of the shoulder to the top of the groove. Hemosiderin was present in 
connective tissue above the buccal alveolar ridge. Collagen fibers are oriented parallel, with 
a wider band on this side than on the lingual side. Plasma cells are found in the connective 
tissue. 
Lingual tissue height is to top of the shoulder. The tissue contact is tight at the top portion of 
the shoulder, but the rest of the soft tissue is detached from the shoulder with pockets of 
inflammation including neutrophils and some multinucleated cells. Collagen fiber 
orientation is at a 45° angle with a small band of fibers present. 
No large fibrous areas are present, and bone forms intimate contact with the implant. Small 
areas of unmineralized tissue are adjacent to the interface. The implant does not have any 
marrow surrounding it. The bottom of the implant has a significant layer of bone formed on 
it, 
RB, 4 mm, irregular (Implant fractured 2 mm above the groove): 
Collagen fiber orientation is parallel with the top of the implant fracture. A fibrous layer, 
with fibroblasts visible, covers the broken implant and some connective tissue has grown 
down the sides. Along both sides, very little unmineralized tissue is present. The entire 
bottom of the implant has a layer of new bone formed from the marrow. The lingual bone is 
higher than the buccal bone. Intimate bone/implant contact exists. 
LF, 2 mm, irregular (Implant fractured at the groove) : 
Connective tissue layer is far above the implant. Bone is forming a woven structure on top of 
the implant. Marrow cavities/haversian canals have a lining of osteoblasts. Intimate bone 
contact exists along the sides with some unmineralized areas present. The bottom has a layer 
of bone along the entire length with some marrow adjacent. 
LB, 3 mm, irregular: 
Buccally, soft tissue height is to about the middle of the shoulder. Inflammation with 
neutrophils clustered close to the surface is present. Plaque accumulation on the shoulder 
may have contributed to the inflammation and lack of tight gingival attachment. Soft tissue 
has loose contact with the implant surface. Collagen fibers are oriented mostly parallel with 
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some perpendicular ingrowth present. Multinucleated cells and neutrophils are present in the 
connective tissue. Bone upgrowth is seen. 
Lingually, little inflammation is present, with only a few neutrophils and plasma cells 
observed. Connective tissue is in close proximity to the surface. Very intimate contact of the 
soft tissue with the implant surface exists. The soft tissue appears to have grown into the 
ceramic. Collagen fibers are oriented parallel. Bone is growing up to below the shoulder. 
Both grooves have fibrous cavities present which contain granular material. The entire 
bottom of the implant has a significant layer of bone present. Generally, the bone contact 
surrounding the implant is very intimate. 
Dog 8734 (12 months post cut-back): 
RF, 2 mm, irregular: 
A thick layer of plaque accumulation is visible on top of the implant and along the sides. 
Lingually, severe, pocket-shaped, inflammation is present. It is filled with neutrophils. Soft 
tissue does not have much contact with the implant surface. Tissue height is to about 2/3 of 
the shoulder band. Collagen fibers are oriented perpendicular with some tissue ingrowth 
present. The connective tissue band is fairly narrow and contains plasma cells. 
Buccally, tissue height is below the shoulder. Severe inflammation (neutrophils and 
granulation tissue) is present, and the soft tissue has loose contact with the implant surface, 
even forming a downgrowth. The collagen fibers are oriented randomly. Some tissue 
ingrowth is present, but the connective tissue band is very narrow. The connective tissue 
contains plasma cells. 
Lingual bone height is halfway between shoulder and groove. The lingual groove has 
marrow cavities which are lined with osteoblasts. Almost the entire bottom of the implant 
has a bone layer formed on it; the rest of the layer is marrow. Good bone contact with the 
implant exists along the sides. 
RB, 2 mm, smooth (Implant has fractured off and bone has overgrown implant): 
Epithelial tissue appears healthy with no inflammation present. Collagen fibers are oriented 
parallel to the top of the implant. Some granular ceramic degradation material is present. 
New bone has formed on top of the implant in a woven immature structure. Along the 
implant /bone interface, tight contact exists with some unmineralized/marrow like areas 
present, these are lined with osteoblasts. The bottom of the implant is located in marrow, but 
a large layer of bone has formed on the surface. 
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LF, 2 mm, smooth (Implant has fractured off leaving a ceramic sliver on top): 
Epithelium appears healthy with no inflammation present. Collagen fibers are oriented 
parallel to the top of the implant. Part of the ceramic particles from the fracture are encased 
by fibrous tissue. New bone is forming on the sides above the implant and growing inward to 
cover the fracture. The bottom portion of the implant is located in marrow, but a new layer 
of bone has formed. Along the implant/bone interface, good bone contact with little 
unmineralized tissue is observed. A layer of osteoblasts is lining the cavities of 
unmineralized tissue. 
LB, 2 mm, rough: 
Surface layer of plaque accumulation on top of the ceramic shoulder appears to be loosening. 
Buccally, a pocket of inflammation filled with neutrophils is seen below the shoulder. Soft 
tissue has sealed the implant, and a layer of plaque on the shoulder forming a fibrous layer of 
tissue on the surface. Collagen fibers are oriented partly parallel and partly perpendicular. 
Some tissue ingrov^h is present. Connective tissue contains plasma cells. Bone height is to 
above the groove with good bony contact and few unmineralized areas. 
Lingually, a pocket of inflammation (neutrophils) is present with no soft tissue contact with 
the implant surface. Debris has become entrapped below the shoulder. Collagen fibers are 
oriented perpendicular and angled. Some ingrowth of the narrow connective tissue band is 
visible. 
The bottom of the implant is located in marrow, but a thin layer of bone has formed on it. 
